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I. INTRODUCTION 


The most casual observer ascending any mountain range in the western 
United States can hardly fail to be impressed with the fact that there is a 
sharp line of demarcation between the grassy plains at the base of the 
mountain and the wooded slopes of the mountain proper. As one ascends 
farther, gradual or sometimes very abrupt changes are noted in the char- 
acter of the forest cover. With increase in altitude the forest generally 
becomes more dense, trees of greater stature are observed, and those who 
are able to distinguish note the occurrence of new species in each alti- 
tudinal zone. To a lesser degree the same differences in the forest cover 
may be noted on opposing slopes at the same elevation—that is, slopes 
facing the south bear forests similar to those at lower elevation, while 
those facing the north have the character of higher altitudes. The 
vegetation of ridges is always different from that of ravines at the same 
altitudes. 

The laymen will recognize that these differences in the forest cover are 


the result of different ‘‘ growing conditions” at different elevations, just 
as a person-who had lived in the South would recognize, almost instinc- 
tively, that the growing conditions of the mountain valleys of Colorado 
could not possibly be suited to the cultivation of corn or cotton. 

While the intensive study of the relations of plants to the soil and 
climatic conditions which comprise their environment goes under the 


formidable name “ecology,” ecological knowledge is not confined to 
scientists and, in fact, has been common property for ages. The writer 
has had opportunity to observe the first impressions of a great many 
people who were visiting the western mountains for the first time, and 
has been impressed by the amount of logic exhibited in relating cause 
and effect in the matter of forest distribution. Why does this southerly 
exposure bear an open, scrubby forest of yellow pine, and that northerly 
exposure, directly opposite, bear a much more dense stand of vigorously 
growing firs? Often the people who know no botany and much less 
ecology take in the situation at a glance, at least so far as it is possible 
to do so from superficial evidence. 

To the forester such questions are of the utmost practical importance. 
Not only is it the forester’s business to know the trees with which he 


1 Accepted for publication July 6, 1921. : i 
2 This project has been under the direction of the writer since its inception in 1910, and he assumes full 
responsibility for the quality of the work done and for the conclusions deduced from the data. It is, how- 
ever, a pleasure to acknowledge the great efforts which have been required of a number of observers in the 
accumulation of the records. The records furnished by the Weather Bureau are duly acknowledged, and 
the efforts of all those numerous and changing observers who have created these records. The records of the 
Wagon Wheel Gap and Fremont Experiment Stations are the result of the concerted effort of many regular 
observers, all of whom deserve credit. The original installation of instruments at the Wagon Wheel Gap 
periment Station was made, and the records were obtained for two years, under the direction of B.C. 
Kadel, of the Weather Bureau. 
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is daily working, their relative and absolute demands for moisture, 
light, heat, and soil fertility, but he must be ready to make practical 
use of such knowledge in formulating his plans for reforestation and in 
deciding upon the amount and kind of timber which may safely be 
cut from a given area. Consciously or unconsciously he is daily making 
use of whatever knowledge he may possess as to the physiological re- 
quirements of each species in his region—that is, those properties of the 
tree which determine that it will grow best under certain conditions 
of soil and atmosphere. It is of the utmost importance that this knowl- 
edge should not be superficial and that through the increase in scientific 
facts forestry should be removed from its empiric basis. 

Unfortunately, much of our knowledge of tree physiology and tree 
requirements is still very vague, and it is the aim of forest ecology to 
increase, systematize, and analyze such knowledge. As a means of 
systematizing the knowledge of trees, in this report we speak of an area 
of forest of essentially uniform composition as a forest type; and it 
is assumed, since the composition of the forest is uniform over a given 
area, that the environmental conditions which have brought this uni- 
form forest into existence must be just about the same over the whole 
area, or at least must have been the same at the time when the forest 
started. Usually a forest type is given the name of the tree species 
which predominates and gives it its essential character, even though 
a great many other species may occur in the same stand in lesser num- 
bers. Thus a forest in which Douglas fir is the most prominent tree, 
with occasional neighbors of spruce and pine, would be spoken of as 
a “Douglas fir type.” The word “type” is somewhat loosely used to 
refer to the ground occupied as well as to the forest itself. 

A broader use of the word “type”’ is as a synonym for forest zone 
or altitudinal zone. It is true that the character and composition of 
the forest changes gradually with a change in altitude, and, for example, 
most of the ground between elevations of 8,000 and 10,000 feet, in a 
given region, might be occupied by Douglas fir stands. But, from the 
lower extremity, a great many strips of yellow pine forest might extend 
into this zone on the warmer, southerly exposed areas, and likewise 
from the upper edge there would extend belts of spruce. As a general 
term, therefore, the word “zone” is far preferable to “type,” and the 
latter will be used in this report only for specific areas bearing forests 
of uniform character. 

As a further distinction between forest areas, the forester has brought 
into use the word “site” to describe the producing qualities of the ground 
with respect to any particular species. Thus among many Douglas fir 
types, all of which were characterized by the predominance of Douglas fir 
over other species, it might be desirable to distinguish those, of the best 
quality as “‘ Douglas fir sites I” and those of very meager producing qual- 
ities as “‘ Douglas fir sites III.’’ Such distinctions are usually based upon 
the evidence of the tree growth itself—that is, either the apparent rate 
of growth determined, for example, by the general vigor of the stand, or 
the growth rate actually measured, is the best possible evidence of the 
quality of the ground. But there is every reason to believe that the pro- 
ductive capacity of the ground can be measured, sooner or later, in terms 
of the soil quality and the atmospheric conditions which simultaneously 
affect tree growth, so that any systematic effort to study forest types and 
to describe those qualities which distinguish them must inevitably be at 
the same time a study of sites. 
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OBJECTS OF THE PRESENT STUDY 


Having now shown in a general way the nature of the problem which is 
constantly under consideration by students of ecology and forestry, the 
purpose of the study (one phase of which is covered by the present paper) 
may be definitely stated. As a matter of fact, it has several purposes, 
which are by no means distinct, but worthy of individual enumeration. 

1. To compare the environments of the several species of trees with 
respect to each condition which may be separately measured, in order to 
determine what particular conditions have the most important bearing 
on the initiation of new stands, favoring one species rather than another. 

2. After noting the differences in the conditions of the various types, 
which really indicate differences in the physiological functioning of the 
species, to determine experimentally the degree of such differences as may 
exist between the species, and, as a result, the degree of difference in the 
actual requirements of the species for optimum growing conditions. This 
second object can hardly be attained in the field without most extensive 
long-term study, and necessarily resolves itself into experiments under 
controlled conditions of temperature, light, moisture, etc. The present 
paper deals largely with the results of such experiments. 

3. To describe the conditions of the various forest types of the region 
in such a manner as will explain most clearly the reasons for the success or 
failure of artificial forestation, so far as these may result from the environ- 
ment, and the conditions and means necessary for successful natural 
regeneration after fires or cutting. Here the object is to lead away from 
empiric silvicultural ‘‘systems” and toward the attainment of definite 
environmental conditions in all silvicultural practice. 

4. To convey a conception of the conditions under which the Rocky 
Mountain forests exist—that is, a view of the climatic and soil conditions 
of the forest region as a whole. 

It is needless to state that not all of these objects have been attained in 
the present work, which should be considered as something of a pioneer 
effort, merely blazing the way for much greater efforts and more refined 
methods which are necessarily for the future to bring forth. The hope 
may be justified, however, that the results and conclusions of this study 
will add somewhat to the information on the general subject and encourage 
the doing of more intensive work. 


SCOPE OF WORK > 


The entire work, of which this paper represents only a part, is mainly 
a study of the physical environments of a number of different forest 
types in Colorado and Wyoming. The detailed study of the composi- 
tion of these several types has not been given a great deal of attention. 
Since the forest conditions are common ones and are frequently encoun- 
tered in the region, it is believed that the indications of prevailing com- 
position and of changes in composition, as they may be expressedin 
general terms, will be as valuable for present purposes as tabulated 
statements of the number, size, and kind of trees found at the several 
stations. The observations of meteorological conditions and of certain 
soil conditions thought to be fully as important, have, therefore, com- 
prised the major part of the field work. 

However, the early efforts (1) * to summarize and compare these site 
conditions, as given in meteorological and soil records, and to deduce 





4 Reference is made by number (italic) to “ Literature cited,” p. 163-164, 
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therefrom the full reasons for the presence or absence of a given species 
on the various sites were so far from satisfactory that the need for con- 
trolled experiments to indicate the comparative reactions of the several 
species has long been apparent. The amount accomplished in this 
line is not insignificant, and, since the results aid very materially in 
interpreting the field conditions, we have chosen to present, first, all of 
the physiological data that are available. In other words, we shall first 
consider the manner in which the several species are affected by more 
or less controlled conditions in the laboratory or greenhouse; then, per- 
haps, we may weigh more precisely the importance of each condition 
encountered in the field, and especially avoid the almost universal and 
inevitable error of placing reliance upon the measurement of a condition 
which has not really been measured or expressed in the proper terms. 

Of the meteorological records which are used in this report the larger 
share have been obtained by the Forest Service at the Fremont Experi- 
ment Station, near Manitou, Colo., and by the Weather Bureau and 
Forest Service, cooperating in an intensive project at the Wagon Wheel 
Gap Experiment Station, near Wagon Wheel Gap, Colo. It has been the 
aim to conduct the meteorological work at both these stations on a high 
plane of accuracy, with equipment as complete as was thought necessary. 
At both places the observations have covered elevations from the station 
headquarters at about 9,000 feet to timber line at 11,000 or 12,000 feet. 
In both cases, too, soil moisture and soil temperature data have been 
secured during most of each period of atmospheric observations. 

In addition, the Forest Service has equipped and operated from the 
Fremont Station three subsidiary stations at which the Weather Bureau 
had previously started the usual observations of precipitation and air 
temperature. These stations were manned by forest officers, and a 
very diligent effort has been made to obtain continuous records for them. 
The stations in question are at the Monument Nursery, in the yellow pine 
type near Monument, Colo., at the Foxpark Ranger Station, lodgepole 
pine type, at Foxpark, Wyo., and in the Nebraska sand hills, where the 
planting of yellow pine and jack pine has reached such large and successful 
proportions. ‘The first station is only about 20 miles north of the Fremont 
Station and for all practical purposes may be considered as belonging in 
the Pikes Peak altitudinal series. 

Although the Weather Bureau records of precipitation and air tem- 
perature, secured through cooperative observers, were available for a 
large number of stations in the region covered by this report, and many 
such stations are within the mountain forest zone, only limited use has 
been made of such records, and for the following reasons: 

(a) Many such observation points are situated, with the small towns, 
in deep valleys where the conditions met with, especially those of air 
drainage and soil composition, are not at all the conditions of the adja- 
cent forested slopes. In fact, nearly all such valleys, especially if they 
possess a distinct flood plain, are devoid of forest cover, and to use their 
weather records in this study might lead to very erroneous conceptions 
though the temperature conditions alone are probably not responsible 
for the absence of forests. 

(b) The records obtained at all such mountain stations are only those 
of precipitation and air temperature. No soil data whatever are secured. 

The special work in this project dates from January 1, 1910, when the 
control station at Fremont was equipped. Records obtained up to 1918 
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have, in general, been employed, the summarizing of data having been 
started at that time. However, some records particularly needed have 
been added since 1918. ‘The period of operation, as well as the equip- 
ment of the several other stations, is given under the respective descrip- 


| tions. 


METHOD OF STUDY 


As has already been indicated, the primary data to be presented in 
this study are records of climatic and soil conditions in different forest 
types, and the main object of such presentations must be to show that 
differences in climatic and soil conditions, between the forest types, 
either do or do not exist in sufficient degree to account for the varying 
phenomena of occurrence and growth. 

Since the special data collected by the Forest Service in no case cover 
periods long enough to establish the ‘‘normal” conditions of any of the 
forest types (and by this we mean the average conditions for a period 
of at least 10 years), and since even “normal” conditions as established 
by 10 years of observation are certain always to be changed by the 
addition of further records, it is necessary that we adopt short-period 
records as a basis for comparison. Such adoption can not be fraught 
with any serious dangers when the forest types to be compared are in 
the same general locality, that is, in the path of the same air currents, 
storm centers, etc. Any considerable separation of the stations, how- 
ever, especially in a rugged mountainous region, is likely to introduce 
temporary variations in certain conditions which are not ‘“‘normal,’’ and 
particularly in those factors which are most directly influenced by the 
paths of storm centers. Thus, at the moment of writing this statement, 
it appears that the storm centers have for some time been passing con- 
siderably to the north of the Pikes Peak region, giving that locality 
rather unusual westerly winds and leaving it with a dearth of moisture, 
so that at the end of May an unprecedented shortage of water exists. 
Scarcely 100 miles to the north, unusually large accumulations of snow 
are reported at the same moment. Again, the moisture factor is most 
variably influenced by the restricted character of many of the summer 
showers; especially are the heaviest downpours in a given locality likely 
to affect only a very small area. 

Temperatures are generally not so directly affected by local conditions. 
Thus the month of December, 1917, was not only an unusually warm 
month at the Fremont Station but showed the same character over a 
large part of the western United States, and January, 1918, was, like- 
wise, generally cold to an unusual degree. 

We may, therefore, feel safe in comparing the records of any two 
near-by stations for short periods, whatever the factor under considera- 
tion, and we shall demand an increasing period as the distance between 
stations increases. 

Fortunately, the dozen or more stations located in the vicinity of 
Fremont all come under the same general influences. This is true of 
the entire area from the plains to the summit of Pikes Peak, with the 
exception that summer rains frequently fall in one part of the area 
without wetting other parts. Winter snows may also be so localized, 
but usually in conformity with altitudinal zones. It is true, two stations 
not 100 yards apart may on a given day have temperatures varying by 
a couple of degrees in one direction and on the next day varying in the 
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opposite direction. Such variations from a consistent relation are, how- 
ever, always small, and there is every reason to believe that the means 
of a single month usually express essentially the normal temperature 
relation between two stations for that month of any year. 

Therefore the method of study and the method of presenting results 
is that of comparing each factor for any station with the corresponding 
factor at the control station for whatever period observations may have 
been taken at the outlying station. As a basis for this comparison we 
have the record of each factor at the control station, measured with 
practically no variation in method from January, 1910, to date. Excep- 
tion should be made here to the measurement of evaporation, in which 
a satisfactory method was not attained until 1917. 

The detailed methods of taking meteorological observations, so far as 
they vary from the standard methods of climatologists the world over, 
will be described in connection with each condition measured. 


REVIEW OF OTHER WORK ALONG SIMILAR LINES 


Although much systematic ecological study has been attempted in the 
United States and other countries, and the western portion of our own 
country has offered an especially attractive field for ecologists because 
of the sharp contrasts in vegetation and causative factors which are 
found in relatively small areas, still the main field with which foresters 
are concerned has barely been scratched. Several studies, which might 
have been very productive, scarcely satisfy the forester’s requirements 
because of the lack of long-term records. 

Be that as it may, a number of authors have obtained facts and 
deduced conclusions as to the distribution of our Central Rocky Mountain 
forest trees which we can not afford to overlook. No attempt will be 
made at this stage to introduce these facts, which may better be men- 
tioned in connection with my own discussions and conclusions. I shall 
merely list here the works which have a direct bearing on the major 
problems, and with no attempt to cover the general or specific physio- 
logical studies. 

Clements (7, 8, 10) in three of his works presents many valuable ideas 
regarding the relation of Rocky Mountain vegetation to environmental 
conditions, and with particular reference to the Pikes Peak region, in 
which much of his investigation has been conducted. ‘The latest of 
Clements’s books, “ Plant Succession” (10), published in 1916, may be 
said to cover the entire ground of the earlier works, bringing all of his 
observations under one comprehensive theme, namely, the changes 
which occur in the character of the vegetation of a given area as the 
result of reactions of the plant forms upon the environment and of 
gradual changes in the climatic and edaphic (soil) conditions. 

In a more specific work Clements (9) gives to foresters a much more 
concrete idea of the requirements of an important tree species, lodgepole 
pine, with lesser data on its common associates. 

Ramaley (16, 17), working near Boulder, Colo., and in the deeper 
mountains at Boulder Park, has likewise made numerous observations 
on the forest types and zones of Colorado. His papers, however, make 
no claim of extensive systematic measurement of physical factors and 
hence can be considered as having only suggestive value in connection 
with the present work. In both of the papers cited the theme is a classi- 
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fication of Colorado forests according to moisture conditions and com- 
position. 

Shreve (24, 25), working at the Desert Laboratory at Tucson, Ariz., 
and in the Santa Catalina Mountains adjacent thereto, has in a number 
of papers published results directly bearing on the subject in hand. 
“The Vegetation of a Desert Mountain Range”’ is the most comprehen- 
sive of these papers and covers most fully the ultimate problems, beyond 
pure climatology, with which the forester is concerned. Although the 
Santa Catalinas are somewhat different from the Central Rockies in 
being surrounded by desert on nearly all sides and in having a different 
seasonal distribution of rainfall, yet it is apparent that the limiting 
factors for the occurrence of a given species must be essentially the 
same in the two regions; else all attempts to formulate a systematic 
ecology would be vain. These factors may not, it is true, appear quan- 
tatively alike under present methods of measurement, but, if so, we 
should seriously question the method of measurement. 

It will be noted that in the papers referred to Shreve ascribes the main 
control of the upward extension of desert plants to temperature, and in 
another paper (23) he has quite convincingly shown that the duration of 
freezing temperatures is all-important with plants accustomed to the 
ordinarily warm winter air of the desert. With this view we shall have 
no reason to take issue. ‘The other main conclusion, that lack of mois- 
ture limits the downward extension of the forest species, individually 
and collectively, will, it is believed, be found subject to question or at 
least modification. 

Robbins (18) has prepared the most recent and complete summary of 
Colorado’s climatic conditions in relation to native vegetation and agri- 
culture. While, as stated by the writer, this work attempts to show 
only a qualitative relation between climate and plants, it is, neverthe- 
less, excellent both in the data systematically presented and in the rela- 
tions described. For the most part these relations are too broadly 
stated to be of direct assistance in the present study. A quotation from 
the discussion of the freezing of plants is of considerable technical 
interest : 

It is a familiar observation that some of the more tender plants are injured by 
temperatures above the freezing point; and that, on the other hand, there are many 
plants that may withstand temperatures considerably below the freezing point. This 
statement may apply not only to dormant plant parts, but to swelling buds, open 
flowers, and forming fruit as well. The plants at timber line and above are subject 
to freezing temperatures almost every night in the year. The exact nature of this 
immunity to low temperatures is not known. 

Weaver (27) in 1917 studied the desert-to-mountain formations of 
Washington in a manner not unlike Shreve’s, and ascribes the changes 
in vegetation mainly to increasing soil moisture and decreasing evapora- 
tion with a rise in elevation. 

Shantz (20, 21) has dealt with problems intimately connected with the 
factors limiting the downward extension of the Rocky Mountain forests. 
Particularly is Shantz’s work enlightening to foresters in the thorough 
treatment of the soils problem. He has made it plain that the lighter 
soils of the plains, characterized by bunch grass, show much less variation 
in productivity from year to year than the heavier, loamy soils which 
develop the grama-buffalo-grass association. This difference is due to 
greater penetration of both moisture and roots in the lighter soil as well 
as to the greater availability of the moisture when the content becomes 
low, tending to encourage slow growth, and the longer lived bunch grass. 





104 Journal of Agricultural Research Vol. XXIV, No.2 





By analogy we may say that the same relation exists between grassland 
or sage brush and the lowest type of forest, commonly called ‘‘wood- 
land”’ by foresters, since it is obvious that there can be no important 
change in climatic conditions in the small space between the centers of 
development, and that the development of the forest is made possible 
by the slight soil changes resulting from elevation, surface erosion, and 
leaching, all of which maintain a younger soil. 

The establishment of the forest experiment stations in the western 
United States, beginning with that at Flagstaff, Ariz., in 1908, gave 
unparalled opportunity for the collection of forest and climatological 
data over a period of years. As a result, studies similar to the present 
one have been initiated in Arizona, California, and Idaho, and the study 
of forest and herbaceous vegetation has been carried on in connection 
with a number of experiments at the Utah Station, where grazing prob- 
lems occupy the attention first. The strictly forest studies, however, 
are for the most part not yet ready for publication. 

Pearson (14) at the Flagstaff Station early investigated the effect of 
yellow pine forests upon local climatic conditions, by securing data in 
the forest, the edge of the forest, and “parks” (grassy, meadowlike 
openings) of considerable extent. While the climatic conditions recorded 
by Pearson are interestingly compared with our own, this study can not 
be said to throw very much light on the conditions governing different 
forest types. 

However, Pearson (15) has recently made available the results of 
observations at a series of stations in the San Francisco Mountains, in 
a very comprehensive way, and we shall have reason frequently to com- 
pare his conditions with our own. 

We have, similarly, had access to an unpublished report by Larsen ‘ 
on the conditions of Montana and Idaho, which has been extremely 
helpful in giving comparable data. 

The problem of the prairies in the Middle West, and their physical re- 
lation to the occasional forested areas, has received considerable atten- 
tion, and this problem is not too remote from our own entirely to lack 
interest. On this subject may be considered the work of Shimek (22), 
who concludes, regarding Iowa conditions: 


1. Exposure to evaporation as determined by temperature, wind, and topography 
is the primary cause of the treelessness of the prairies. 


and 


3. Rainfall and drainage, while of importance because determining the available 
supply of water in both soil and air, are not a general, determining cause, both fre- 
quently being equal on contiguous forested and prairie areas. 

Shimek also dismisses fires as a cause of the absence of forests. It is 
believed that the later conclusions of Weaver and Thiel (26, 28), with ref- 
erence to Minnesota, are essentially in agreement with this. The point 
which seems to have been overlooked here, and in all similar discussions, 
is that forests occur usually on the slopes of ravines or on hillsides, where 
the old soil is being rejuvenated by a secondary erosion and where, 
even with less moisture than in the heaviest soils, the availability may be 
greater. Considered from this angle, the occurrence of forests in the 
prairie region is exactly parallel to their occurrence on the first mountain 
elevations at the edge of the plains. 





4 LARSEN, J. A. CLIMATIC STUDY OF FOREST TYPES, DISTRICT 1. U.S. Dept. Agr. Forest Serv., unpub- 
lished report, 1918. 
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It will be fairly evident from the reading of the few treatises which 
have been mentioned that the region under discussion has not been neg- 
lected by ecologists. It will be equally evident that there is still room 
for much systematic effort in the study of the environmental factors in 
order that the theories advanced regarding the distribution of mountain 
forests may be more thoroughly tested by well-established facts. The 
most apparent fact, after considering all of these regional studies, is that 
so far ecology has given the physics of the soil-moisture problem entirely 
inadequate attention. 


II. PHYSIOLOGICAL STUDIES LEADING TO AN INTERPRETATION OF 
THE ENVIRONMENTAL DATA 


It is quite generally recognized that the result of studying any condi- 
tion in nature, even when, the method of study is strictly quantitative, 
should not consist wholly in presenting the accumulated facts but quite 
as much in placing a logical interpetation on those facts. In the present 
study we are dealing not only with a great variety of natural conditions 
which require quantitative expression but with a variety of growing 
entities whose behavior and reaction to known conditions can not be 
determined by casual observation. For example, the mere fact of find- 
ing a spruce tree growing at the water’s edge does not prove that the 
tree uses or requires an unusual amount of water, much less that it is 
growing in that particular spot primarily because of the moisture, or 
even indirectly because of the moisture. It would be as logical to say 
that because the aligator spends a good deal of his time in the water, he 
must drink and must require for physiological processes an extraordinary 
amount of water. This may not be true at all; he may be a most abste- 
mious animal. 

The point is that in ecology we dare not take the conditions of growth 
as prima facie evidence of the requirements of growth, even though it 
be true that none of the conditions can be altered without affecting the 
character of the growth. This is especially true when we are compelled, 
as in the present instance and in most ecological studies so far made, to 
speak of requirements in a relative rather than an.absolute sense; that 
is, when we are simply trying to compare the requirements of several 
species rather than determine them absolutely for any species. This 
may be illustrated by a point which has appeared very forcefully in the 
present study. ‘Taking the superficial appearance of soil conditions as a 
measure of relative requirements, foresters have repeatedly stated that 
the moisture requirements of spruce were greater than those of yellow 
pine. Now, there could be no objection to saying, and probably no 
error in saying, that spruce requires or at least develops best in a fresh, 
moist soil of high water-holding capacity. This would be an absolute 
expression which would simply gain in accuracy as the soil conditions 
were further analyzed. We might infer, and would be likely to do so, 
because of the character of the soil occupied, that spruce must use a 
great deal of water in its development. Such an inference would be 
unwarranted, but would be especially dangerous if we should say, com- 
paratively, that spruce uses more water than pine. Here we are tread- 
ing on absolutely unsafe ground. On the face of it there is no 
scientific basis for such a statement, if we use simply the evidence of the 
field conditions observed. And even if this were true of the spruce 
forest in the aggregate, that bespeaks nothing as to the individual. 
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It has been, therefore, in the hope of partially overcoming the inherent 
weakness of a comparative field study that certain observations have 
been made under laboratory conditions, permitting a better knowledge 
of the trees themselves, hence a safer interpretation of the environmental 
conditions which surround them in the field, and, perhaps, a clearer 
conception of how those conditions should be measured in the future to 
express a logical relation between the environment and growth. 

For the most part these special observations have been made upon 
the four important species which are involved in the field study, namely, 
western yellow pine, Douglas fir, lodgepole pine, and Engelmann spruce. 
Two other species, forest ‘‘weeds,’’ have been studied to some extent, 
namely, limber and bristlecone pines (Pinus flexilix and P. aristata). A 
few observations have also been made on the Lake States pines and 
other conifers not indigenous to the Rocky Mountains. 

In the interest of brevity, some details of the conditions of these 
experiments may have been omitted which might be considered as 
having important bearings. Anyone wishing to investigate these details 
will be given all possible assistance. 


TRANSPIRATION TESTS IN I9I7 


To establish the water requirements of some of the Rocky Mountain 
trees in the same terms as used by Briggs and Shantz (6) for agricultural 
crops, and to determine the relative transpiration rates of the species 
as a basis for gauging their moisture requirements in the field, transpira- 
tion tests were conducted in the greenhouse of the Fremont Experiment 
Station for a period of about six months in 1917. The experiment was 
repeated in 1920. 

It should be recognized at the outset that the greenhouse did not pre- 
sent natural conditions for the growth of any of the species, the air 
temperatures being higher than commonly occur except possibly in the 
lowest zone of the region, and the air movement considerably less than 
the wind which would occur in any situation out of doors. For these 
reasons, though we may speak of the “absolute water requirements” 
of the trees in this particular test, these requirements are not an indication 
of what the water use might be under any other conditions; and it 
would be best, as Briggs and Shantz have done, to assume only that 
we have established relative requirements of the several species for one 
set of conditions. These relations may or may not hold good under 
other conditions. Briggs and Shantz found that relative water require- 
ments of different species did not vary much under different conditions, 
though the absolute requirements of all might be twice as great during 
a dry season as during a moister one. Thom and Holtz (26) found that 
the physical conditions might vary sufficiently to change even the rela- 
tive requirements of different species, but their more important result 
was to show that the absolute water requirement increases with the 
availability of moisture. 

It would appear that the high temperatures and low wind velocities 
occurring during these tests should tend to stimulate assimilation rather 
more than transpiration, so that the absolute water requirements here 
would be less than under normal field conditions for any one of the 
species. This, however, may not be true. For this and other reasons 
appearing later it is difficult to compare the absolute requirements with 
those of agricultural crops. 
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MATERIAL STUDIED 


As the means were not at hand for treating large trees in the inten- 
sive manner required in such a study, efforts were confined to nursery 
specimens, 5 and 6 years old at the outset. These had all been devel- 
oped in the nursery of the Fremont Station, with practically uniform 
soi! conditions and with no artificial watering except as small seedlings, 
so that all should have been in much the same condition at the outset. 

Two specimens each of yellow pine, Douglas fir, lodgepole pine, Engel- 
mann spruce, limber pine, and bristlecone pine were taken for potting, 
while a third specimen of each was taken at the same time for drying, 
in order that the initial dry weight of the specimens to be grown might 
be computed. This drying and all other dryings required in these studies 
were done in hot water bath or controlled hot air oven at a temperature 
of about 92° C. and without vacuo. 

To determine the initial green weights, and also the green weights 
at the close of the test period, each tree was washed to remove adhering 
soil particles, whipped vigorously through the air to remove free water, 
and placed immediately on the scales. After this the potting was accom- 
plished as soon as possible. 

The initial weights varied from 7 to 14 gm. and heights from 3 to 6 
inches, the spruce being, on the whole, best developed for its age. No 
measurements other than weights were taken at the outset. At the 
end of the test period the green weights were taken; each tree was photo- 
graphed to scale, as shown in Plates 1 to 3; measurements were made 
to determine the mean needle dimensions of each tree and the ratio of 
surface to volume (the whole volume having been determined by im- 
mersing the top in water to the root collar); finally the remains were 
oven dried, and later the dry material was reduced to ash in a porcelain 
dish over a Bunsen flame. 

From the volume displacement and needle dimensions we are enabled 
to compute the area of leaf surface in each case, with a very consider- 
able but general error on account of the stem volume included. This 
will, at least, give some basis for comparison with other experiments in 
which the leaf surface is the basis for calculations of water loss. Because 
of the great inaccuracies involved in the method and the practical impos- 
sibility of applying it to a large tree, and also because it is believed that 
transpiration is so largely controlled by the area exposed to insolation 
and the consequent total absorption of radiant energy, we have also 
used another basis for expressing leaf area, which we shall call “leaf 
exposure.” This is obtained from the tree photographs, which are 
against a background of cross-section paper, by estimating the propor- 
tion of each square inch which is obscured by the foliage. This method, 
if carefully followed, gives reasonably consistent results, except in cases 
like tree No. 8, in which the focus is bad. 

It is seen that the ‘leaf exposure’’ could not be more than one-third 
of the whole leaf surface, and owing to a great deal of overlapping of 
needles, as well as elimination of stem, the data in this case compare 
generally on a basis of about 1 to 6. But with the limber and bristle- 
cone pines, whose foliage is very compact, the ratio is more nearly 
I to 10. 

SOIL 


For potting, open-topped galvanized cans were used, 4 inches in 
diameter and 10 inches deep. No drainage openings were made in the 
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cans; but, to encourage aeration of the soil, a 2-inch florist’s pot was 
inverted in the bottom of each can, and a glass tube one-eighth inch in 
diameter was so bent and placed that its lower end opened into the pot 
and its upper end just above the rim of the can. This tube served for 
supplying the necessary water and was at all times left open for aeration 
of the soil. It is believed that the amount of vaporization through the 
tubes was insignificant, though no control tests were made at the time. 
We are enabled to approximate the loss from this source by the observa- 
tions in 1920. However, in 1917, the soils were never allowed to become 
greatly heated, the potting cans being placed in similar cans having 
diameters of 6 inches, so that the sun never shone on the lower portions 
of the pots. 

Before weighing and potting, each tree was trimmed so that the longest 
roots would not be cramped in the can. The longer roots were spread 
around the porous pot in the bottom of the can, and the others were placed 
as the pots were filled, so as to be evenly distributed throughout the soil. 
When the cans were all filled to within a half inch of the tops, they were 
sealed with a 2 to 1 mixture of paraffin and vaseline, which held very well 
throughout the season in spite of occasional melting. 

The soil used was a specially prepared loamy sand of granitic origin, 
containing considerable humus derived mostly from leaves of limber 
pine and Arctostaphylos sp. Both sand and humus were sifted through 
one-eighth-inch screen. The resultant mixture was what would ordi- 
narily be considered a good potting soil. It was thought to be desirable 
to insure an abundance of nutrient material, and there is no reason for 
supposing that this was overdone. 

None of the soil placed in the pots was oven-dried, but a weighed 
amount of air-dried soil was used in each, and during the process of 
potting seyeral samples were taken for the purpose of determining the 
moisture content. The net oven-dried weight for each pot was then 
computed. 

The saturation capacity of the soil used was originally determined to be 
about 40 per cent, and, in accordance with Kiesselbach’s (12) finding 
that transpiration occurs most freely when the soil is about half saturated 
and the theory of Hilgard (rr) that half saturation permits the desired 
aeration, 20 per cent moisture was adopted as the standard at which the 
soil would be kept. Later it was found that with greater compactness 
this saturation might be much less, and after centrifuging, as low as 25.8 
per cent. However, the figure 31.9 probably applies most nearly to the 
condition of the soil in the pots. The corresponding capillarity was 
28.2 per cent, and the moisture equivalent at 100 gravity was 11.05 per 
cent, using the term in the same sense as it is used hy Briggs and Shantz 
(5) for the water-holding capacity under a force of 1000 gravity. 
The mean wilting coefficient was determined in 1920 to be 3.47 
per cent for Douglas fir and 3.91 per cent for spruce, or an average value 
of 3.69 per cent. On this basis, and assuming that the 20 per cent 
maximum moisture was evenly distributed, we should have as the avail- 


ability = 23-09 0.816. It is more probable that the moisture within 


reach of the roots, at the bottom of each pot, was 25 per cent or more, 
making the availability at least 0.850. 

Table I shows all of the fundamental data regarding the trees, the 
amounts of soil used, and the gross weight of the pots as they were main- 
tained throughout the season. 
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TABLE I.—Description and condition of trees used in transpiration measurements 
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PROCEDURE 


The trees were taken from the nursery and potted about April 15, 1917. 
From that time until April 26 they were kept in a warm room, without 
sunlight, to encourage root growth and establishment in the soil. On 
April 26 the cans were first brought to standard moisture content, and 
measurements of transpiration losses were begun. From that date to 
June 3 they were kept in the window of a warm room, where they received 
light for only a few hours each day. The pots were frequently but not 
regularly shifted in position. 

On June 3 they were placed on a revolving table in the greenhouse, 
where they remained until the close of the test on November 14, with 
the exception of one day out of doors. This table was handled in several 
ways, the power available for rotating it at the outset being inadequate. 
At first a small motor was used, the motor being cut in each minute for a 
period of a second or more, so as to give the table a fraction of a revolu- 
tion. For several short periods the table was turned by hand, a quarter 
revolution about once each hour. A water motor was finally used, which 
for a time kept the table revolving continuously. ‘This, however, seemed 
to have a theoretically objectionable feature in that the trees were 
constantly passing from light to shadow, in a very unnatural manner. 
The driving belt was therefore arranged so as to move the table a perim- 
etral distance of about 6 inches each minute, or, say, a complete 
revolution in about 25 minutes. 

The pots occupied the periphery of the 4-foot table, various types of 
evaporimeters being placed between them. Within this circle was 
placed an air-and-soil thermograph, the arm of the air register being 
shaded, while the soil bulb was blackened and so placed, with its long 
axis horizontal, as to receive as much sunlight as the trees. With the 
assistance of maximum and minimum registering air thermometers and 
a thermometer attached to the blackened bulb of the soil thermograph, 
there were thus recorded both air temperatures and “sun” temperatures. 
In addition, a psychrometer was used during the morning observation 
each day, giving a rough indication of prevailing vapor pressures. 

The most important question of procedure, of course, concerns the 
method of determining water losses. As shown by Table I, each pot had, 
at the outset, a known gross weight when its soil contained 20 per cent of 
moisture. The aim was to keep the moisture to this standard by replac- 
ing losses each day. It was only necessary to determine the amount of 
water required to bring the pot up to standard weight in order to record 
the loss for the preceding period. This was accomplished by placing 
the pot on one pan of the scale, the standard weights on the other pan, 
and filling from a titrating burette until a balance was reached. The 
amount drawn from the burette was, therefore, the measure of the loss. 
The measurements of transpiration, it is thus seen, were actually volu- 
metric, even though scales were used. ‘This introduced no error worth 
considering, as the temperatures at the observation hours varied scarcely 
at all from about 50° F. 

The burette was graduated to 0.1 cc. The scales were barely sensitive 
to o.1 gm. under the usual load of 4,000 gm. However, errors from this 
source should be compensating. Whenever the filling was carried too 
far, as not infrequently happened, the overload was determined and 
allowed for, and also carried to the record for the next period. 
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Ail observations were made in the early morning and before sunlight 
had reached the trees, and when, therefore, the transpiration rate would 
be almost at its minimum. The order of measurements was invariable, 
and the time rarely varied more than 15 minutes from the standard. 

Now, in fact, though it has been stated that the plan was to maintain 
standard moisture in each can, it is readily seen that the moisture was 
most of the time below standard. The extent of the ordinary depressions 
was very small. The largest single loss between fillings, 157.1 gm., 
would mean a moisture content at the end of the period of 13.9 per cent, 
or a depression of 6.1 per cent. The average periodic loss of the heaviest 
water-user was 23.76 gm., and the average depression below standard 
moisture, therefore, only 0.93 per cent. This average depression would 
reduce the availibility of the moisture only from the approximated value 
0.852 to 0.846. 

On the other hand, the distribution of the moisture from top to bottom 
of each pot, as shown by examination at the end of the tests, was not all 
that might be desired. The lowest inch of soil was practically saturated, 
and above this the moisture decreased so that just below the paraffin 
the soil was only freshly moist. In spite of this, rootlets had penetrated 
to all sections of the soil. It seems evident that, except with the most 
extreme depletion noted, there was probably within reach of the longest 
roots at all times practically saturated soil. 

The atmospheric conditions of the greenhouse, as has been stated, were 
not such as would occur naturally in any of the sites where these species 
grow. At times the ventilators were kept closed and the air temperatures 
were allowed to go as high as they would with full sunlight. At other times 
the ventilators were opened and all possible draft was developed; and, 
of course, under these conditions the air of the greenhouse did not become 
so warm. Again, sunlight was excluded on certain days to see what 
effect this would have on transpiration rates. On two or three occasions 
when cloudy weather prevailed, an interval of 2 or 3 days was allowed to 
elapse between measurements, since the losses were very small. On two 
occasions when the writer was not there to make the measurements, the 
intervals were considerably longer, the trees being shaded by canvas for 
the entire period. 

No apparent injury resulted from the high temperatures in the green- 
house, except to tree No. 4, Douglas fir. On June 24, which was a clear 
day of exceptionally low humidity and high evaporation rate, two of the 
newly formed shoots on this tree wilted and did not recover. Neverthe- 
less the tree continued to function properly. The other Douglas fir 
(No. 3) followed No. 4 very closely, but after the first of September 
showed a gradual descrease in its response to transpiration stimuli and 
when unpotted was found to be deficient in new root growth. In the 
normal trees it appeared that many of the root tips had continued growth 
to the end of the season, while in this one growth had evidently ceased 
much earlier. 

Tree No. 10, limber pine, at the end of the season showed very short 
growing tips on the roots, indicating that root development had been 
very sluggish or had started very late. This sluggishness is doubtless 
related to the small weight accretion. 
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RESULTS 


The amount of transpiration for each tree during each period of the 
study from April 26 to November 14 has been tabulated, and it is found 
that the tree-to-tree relations hold very closely, from day to day, in spite 
of great variations in the environmental conditions. It is not relevant to 
present purposes to present the detailed data. In Table II the trans- 
piration by months is given and the tree performances are summarized. 
In correcting for the loss of water directly from the soil, the amount of 
107 gm. for the season has been arrived at by considering the daily loss 
the same as in 1920. While in 1917 the pots were more fully protected 
from the sun, yet considerably higher air temperatures were attained, so 
that this allowance seems justified and can hardly be enough in error 
appreciably to affect the results. 
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Water Requirements 


This term, as used by Briggs and Shantz (6), denotes the units of 
water used by a plant for the production of a unit of dry plant material. 

The first computation in the lower section of Table II gives corre- 
sponding data for the small trees whose transpiration has been meas- 
ured. Averaging the results for each pair of specimens, we find the 
species arranging themselves according to Table III. In this table the 
use per unit of green weight is also given, since the green-weight accre- 
tions were directly measured, whereas the original dry weights were 
obtained indirectly, as explained. 


TABLE III.—Water requirements 4 

















Water used per unit of— 
Species. Nl 
Dry-weight | Green-weight 
accretion. | accretion. 
Gm. Gm. 
OE URE S56 6 oa 055002 FES Rae Os ask Sea thee 1,947 (678) 358 (49) 
MEIN 0 55% Grol s bio Fae Gtiussle> Eisis-elalg dine e'o.0 4819's vSrOa 1, 555 (8) 306 (52) 
I RNIN 5 556 os ce's Bini orntone ae GM One wis artist slaceceates 1,110 (94) 350 (26) 
RMN tr sic ty asian es caeslie Ghana ah eee 954 (41) 237 ~=(6) 
on Re re re ee ne ere eer oe 684 (8) 276 (50) 
SM DINER 8 6055F ts th sace di otesetie seta pes 525 (68) 176 (14) 





@ The probable error in the average of two figures is indicated by the quantity in parentheses. 


Considering only the first column of figures, it is seen that the prob- 
able error in the averages is large in two or three cases, and especially 
so with limber pine, so that this species might possibly belong after 
yellow pine in the list. In fact, considering that it is the specimen of 
high water requirement (Tree 10, 2,750) which showed at the end of the 
season evidence of lack of vigor, it seems altogether probable that the 
normal or true water requirement of limber pine should be gauged by 
the lower figure. Also, from the fact that No. 10 was at the beginning 
a larger, probably more succulent specimen, we may quite confidently 
place this species on a par with bristlecone pine. 

No other change in the order of arrangement is indicated as probable 
by the variations in the first column. However, examining the second 
column of the table, it is seen that the requirement of Douglas fir is 
greater than that of lodgepole. But, again, it is the Douglas fir speci- 
men of higher water use (No. 3, 335) which behaved abnormally, its 
activity apparently almost ceasing before the end of the season, so that 
we must incline toward leaving Douglas fir in the position indicated by 
the first column of figures. 

We shall not attempt here to discuss the cause of these variations, 
though that, too, is most interesting and will be at least partially clari- 
fied later. 

It must be recognized that the relative water requirements, or ability 
to make growth with a given volume of water, while having a direct 
bearing on the relations of two or more species which compete with each 
other, may tell very little as to the ability of a tree of a given species 
to withstand the drought or wind exposure of a given site. The water 
requirements no doubt explain in some degree the gradual suppression 








Apr. 14, 





and ¢c 
elimir 
water 
ally a 
not n 
trans] 
quest 


To 
consi 
leaf < 
each 
by th 





Yello 
Lodge 
Bristl 
Limb 
Doug 
Engle 





belie 
arra’ 
nific 
Dou 
whil 
lodg 
wha 
first 
adaj 
grov 
who 
aday 
tati 
use 

Ife 
is ni 
size 
dio» 


ther 
The 
tiss 





No. 2 


of 
ial. 
rre- 
AS- 
the 
the 


ere 


ght 
be 


49) 
52) 
26) 
(6) 
50) 
14) 


»b- 


lly 
ter 


he 
he 
by 
ng 
ly 


le 
nd 

is 
Ci- 
its 





Apr. 14,1993 Phystological Requirements of Rocky Mountain Trees 115 





and crowding out of yellow and limber pines by fir or spruce, the similar 
elimination of lodgepole when spruce seriously competes with it. The 
water requirements may explain certain things which we have habitu- 
ally ascribed to presence of or lack of shade “tolerance.’’ But it does 
not necessarily mean that yellow pine, for example, might not resist 
transpiration and survive under rather rigorous conditions where no 
question of relative growth rate was involved. 


Resistance to Transpiration 


To obtain a better idea of relative resistance to transpiration we should 
consider the water losses, under equal conditions, as related to plant mass, 
leaf area, or leaf exposure. In Table IV the data are summarized on 
each of these bases, but the species are arranged in the order indicated 
by the relative transpiration per unit of leaf exposure. 


TABLE IV.—Water losses per unit of leaf area and plant mass 
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Seasonal water loss (grams). 











Species. | Per square centimeter of leaf. 
Per gram 
eet eomer, ee ~ mean green 
| Surface Exposure weight. 
| 
| 
La eee Retr Pees Pee eee EE ey ee Tt Lc la g@® bo geege gs) 160 
PITRE DONG, 6.0.0 006.00 xcenadpbe dase Seaebae gael ope’ | 280] 23.6 ° 128 
MN Sti ved tan te nhielon 5S ogigtt.c slo snbeeonese 2.03 | 21.2 (a7 119 
RE MOD. chen cc aesnceatee neds Cig tces 4 auc occ) 1. 83 18.0 (2.8 81 
OE rd Paes ee teenie he cee cae | 226] 16.8 (03) 130 
UN SMRINEEDOUOR S656 ik PECL wcdds NG asin | 1.99] 15.8 (3.0) II5 








On the basis of the transpiration per unit of leaf exposure (which is 
believed to be the safest basis we have) or per unit of mass, the order of 
arrangement is essentially the same as in Table III. It is, perhaps, sig- 
nificant that the four important forest trees, yellow pine, lodgepole, 
Douglas fir, and spruce, appear in the same order as in the preceding table, 
while limber pine and bristlecone pine have moved to positions just below 
lodgepole. ‘Taking the data at face value, let us consider for a moment 
what these qualities of limber and bristlecone pine must mean. In the 
first place, it has been seen that these species, which are admittedly very 
adaptive “weed” trees, use considerable water without making much 
growth. In the second place, we see that relative to their leaf area or 
whole mass they use very little. In other words, they are in some way 
adapted to protect themselves from water loss, but along with that adap- 
tation, perhaps as a result of it, they have very meager ability for making 
use of light in photosynthesis. It is readily seen how this may happen. 
If either of these trees, accustomed to growing on bare sites where there 
is no competition, has adapted itself through reduction in the number and 
size of its stomata, moisture loss is reduced and the ingress of carbon 
dioxid is likewise reduced. If, again, as the writer has sometimes noted, 
the needles are closely appressed for the purpose of mutual protection, 
then moisture is saved at the expense of the full insolation of each leaf. 
The same might be the result of thickened epidermis or heavy palisade 
tissue. It thus appears that almost any adaptation for the conservation 
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of water must result in inefficiency in photosynthesis, and it might possibly 
be stated as an axiom that a weed is a plant which through protective 
adaptations is facultative for a variety of environmental conditions but 
which for the same reasons is incapable of making a standard rate of 
growth. 

The impression is, then, obtained that yellow pine, lodgepole, Douglas 
fir, and spruce are resistant to transpiration in almost the.same degree as 
they are capable of making use of water for their development, and that 
none of them possess any special adaptations for preventing water losses 
which interfere with growth. The cause for the differences between the 
several species should, then, be sought in those internal conditions which 
may determine their photosynthetic capacities and the behaviors of 
their cell contents as solutions, as was done by Salmon and Fleming 
(79) in the study of the winter hardiness of grains. 

Before turning to that subject, however, which will be considered 
under the heading ‘‘Sap density,”’ the transpiration rates should be fur- 
ther analyzed. 

Periodic Transpiration 


In Table II the transpiration of the trees by months has been shown, 
with the amount for each tree expressed as a percentage of that for all 
the trees. From these data it may be observed that only a few of the 
trees maintained stable positions with respect to the whole. The greatest 
significance of this is to indicate that, if the growth could have been 
measured for shorter periods, the relative water requirements might not 
have been the same as those for the whole season. 

Comparing the transpiration at the beginning and end of the season 
(April to June against October to November), it is found that the species 
may be arranged in the following order, those which show the greatest 
relative increases being placed first: Yellow pine, limber pine, spruce, 
bristlecone, Douglas fir, and lodgepole. Lodgepole and Douglas fir 
show actual decreases. 

If we should eliminate trees 3 and 10, which were apparently affected 
by some unknown factor, it would scarcely change the relations of the 
species. 

These data at least indicate that the internal conditions which control 
transpiration are variable and probably are affected by the building of 
new tissue, accumulation and distribution of carbohydrates, and other 
changes which may occur in a season’s growth. 


Response of Transpiration to Light and Air Movement 


The variations of each tree during the season, as shown above, almost 
preclude the possibility of determining the responses of the species to 
the different environmental conditions which were produced from day to 
day, since such comparisons, to use the available data, must include 
days during all parts of the season. 

Taking as a standard for each species the days during the season when 
there was no ventilation in the greenhouse and when the total 1ecorded 
sunlight was in excess of 400 minutes per day, it is found, as shown by 
Table V. 

1. That for days having from almost none to 400 minutes of sunlight, 
with other conditions equal, all the species show about 60 per cent of 
the transpiration for a standard day. 
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2. With bright diffuse light, such as might penetrate the canvas cur- 
tains on a sunny day, the transpiration varies from 21 per cent of standard 
for lodgepole to 32 per cent for yellow pine and Douglas fir. 

3. With dull diffuse light, as on cloudy days, the percentages vary 
from 17 per cent to 23 per cent of standard. Though lodgepole shows at 
all stages the greatest depression from the lack of sunlight, it is hardly 
safe to say that this is a specific character. 


TABLE V.—Response of various species to different conditions of light and air movement 























| | Species. 
om | Num- | | | | | 
Conditions. p aby | Yellow) Doug- | Lodge-| Engel- | Limber| =_— 
* | pine. | las fir. | pole. | mann.| pine. | © 
| | | | pine. 
Average transpiration (cubic centimeters per | | | } } 
day, standard), no ventilation, over 400 | | | | | | 
IN ica ween send caer ans~ owed 12; 21.82 |%13.59| 11.86] 19.84] 9.62] 13.28 
Proportionate transpiration: | | | | 
No Le = ga less than 40o minutes | | 
PS citcbSaenuudtaaecnekeas s apeueds 11 | - 62 | - 62 +54 - 62 - 62 | ° 
No ventilation, bright diffuse light....... 19| .32 .32 -23| .26] gz] ‘ ~ 
No ventilation, dull diffuse light......... | 7 +23 +20 -17 | 22 | 18 13 
Some ventilation, over 600 minutes sun- | } 
shine, temperature over 75° F........... 4 r05 | 1.08 1.35 -98 | 1.18 | 1.18 
Some ventilation, over 600 minutes sun- | | 
shine, temperature under 75° F......../ 2 -91 | 102 I-12 | -86| 44 1.10 
Some ventilation, 400 to 600 minutes sun- | } | 
shine, temperature over 75° F.......... | 9| 38297] 32 1. 40 1.08 | 1.41 1. 23 
Some ventilation, 400 to 600 minutes sun- | | } | | 
shine, temperature under 75° F......... | 13 | -99 1. 06 1.19 | -99 94 1.02 
Some ventilation, less than 400 minutes | } | } } 
sunshine, temperature over 70° F....... | 10 1-00] 1.05 1.06 | +90] 1.00 9 
Some ventilation, less than 400 minutes | | } 
sunshine, temperature under 70° F..... | 5 +59 | -58 - 64 | + 61 | - 63 -57 
Some ventilation, diffuse light............ 5 at | -28 -28 31 | .28 -29 








@ Only tree No. 4 used, account seasonal change in No. 3. 


4. With ventilation, the transpiration of all species is increased over 
that without ventilation, other conditions being about the same. The 
amount of ventilation in the greenhouse was not sufficient to produce 
striking changes. The exposv of the trees outdoors for one day did not 
materially increase the transpiration rate, temperatures being considered. 

Finally, since the specific responses are subject to the seasonal changes 
already noted, we may examine the results expressed by the total tran- 
spiration of the 12 trees during each day or longer period. 

An attempt has been made to relate this to the vapor deficit, or 
differential between the atmospheric vapor pressure and the saturation 
pressure conceived to exist within the leaf, as determined by mean tem- 
peratures. For the latter there is available either the air thermograph 
record or the “sun” thermograph (blackened bulb) record. The latter 
seems preferable in theory, but the record is not very trustworthy because 
of very large corrections in the instrument as used during most of the 
season. This, together with the fact that atmospheric vapor pressures 
were determined only in the early part of each period (9 a. m.) and at 
its end (7 a. m.), makes the computation of vapor deficits the roughest 
approximation. In addition, it becomes evident that the leaf tempera- 
tures (and saturation pressures) should not be considered as equal to 
the black-bulb temperatures, but more nearly equal to what the wet 
bulb of the psychrometer would show synchronously. As the psychro- 
metric data are not sufficient even to approximate the mean wet-bulb 
temperatures, the results of “‘sun temperature’”’ computations alone will 
be shown. Recognizing that transpiration at night, because of the lack 
of sunlight, is in a different category from that during the day and 








118 Journal of Agricultural Research Vol. XXIV, No. 





should be given much less weight in the total, the general scale of tempera- 
tures has been raised by computing the daily means as follows: The 12 
hourly temperatures from 7 a. m. to 6 p. m., inclusive, are added to the 
temperatures at 8 p. m., 12 m. and 4a. m., and the total is divided by 15. 
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Fic. 1.—Trauspiration in relation to saturation deficits in 1917. Numbers opposite circles give month 
and day of observation. 


ff In figure 1 the results of such computations of vapor deficit for 84 
periods during the season of operations are plotted with the daily tran- 
spiration sums. ‘The basic data will not be tabulated, since it is volumi- 
nous and has no precise value. Instead, the general character of each 
period is indicated by symbols on the diagram. The mean curve which 
may be obtained from the 84 points is only suggestive in showing— 
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1. That for a given saturation deficit a wide variation is possible in the 
amount of transpiration induced. It is believed, however, that this is 
largely the result of insufficient data for computing both saturation 
pressure in the leaf and atmospheric vapor pressure. 

2. Air movement increases transpiration somewhat more than has been 
allowed by the computations, which, in fact, made no allowance for this 
factor except as it might influence the depression of the psychrometer 
wet bulb. 

3. The amount of sunlight is not the cause of much variation in the 
results. If anything, the use of black-bulb temperatures has made a 
little too much allowance for sunlight effects; or, in other words, the 
plants are not quite so strongly affected by light as is the black-bulb 
temperature. 

4. The transpiration rate (average) is quite proportionate to vapor 
deficits until the former approaches a daily amount equal to the total 
weight of the plants, when transpiration, apparently, does not quite 
keep up with saturation deficits. 

‘5. The transpiration at the end of the season is less than in the earlier 
months, days of like valuations being compared. The size of the plants, 
of course, increased during the season, but the increase in leaf area was 
almost wholly during the first month. It seems safe to say that old leaf 
tissues do not permit as much transpiration as young tissues. 

6. The physical control of transpiration and the lack of plant control 
is fairly evident, though by no means proved. 


TRANSPIRATION IN 1920 


The striking differences between the species, indicated by the transpira- 
tion rates in 1917, both on the basis of growth accretion and relative 
leaf areas or leaf exposures, called, first, for a reasonable explanation of 
the temporary circumstances which produced such results, and, secondly, 
for a repetition to determine whether similar relations of the species 
might hold with new and different material and whether either the 
absolute or relative water requirements might be different under more 
natural environmental conditions. 

The first need had been definitely pursued in the interim, and the 
second was fulfilled during the summer of 1920. In repeating the trans- 
piration tests, it was especially sought to have as large an assortment of 
plant material as could be adequately dealt with. 


MATERIAL STUDIED 


Twenty-three pots of plants were used, compared with the 12 in 1917. 
Of these one containing a large yellow pine failed early in the season. 
An additional pot without trees served to measure the possible direct 
water loss from the soil. In a number of cases, two or three specimens 
were handled as one in a single pot, in order to give a better average 
result. (See Plates 4 to 6.) 

The limber and bristlecone pines and a single large spruce specimen 
were from the same lots of stock which were drawn upon in 1917, having 
been in the Fremont Station nursery during the interval. The remaining 
trees were all younger stock grown in the same nursery, and mainly of 
fairly definite origin as to seed. Where possible a variety of seed sources 
was represented in the selections for each species, in order to determine 
the possibilities of variation between geographic forms of the same species. 
The data on the trees used are given in Table VI. 
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SOIL 


The soil in which the trees were potted was nearly the same as that 
used in 1917. There had been added to the original soil a somewhat 
more clayey sand of granitic origin, so that in 1920 we find a greater 
water-holding capacity, a slightly lower moisture equivalent, and a third 
higher wilting coefficient. The data on the 1920 soil are: 


Per cent. 
CRS, iki is Si bss 80s 5 Na), eae beth lees whe + Hea eel Ohies to easidv as eee 36. 46 
Cais cmapten on + iii tire cadN es Ha PE Dame en tla daes «aed ee «pbinwan ee Uae 31. 02 
PR UII GS Oo Fite neh it me pec enh ae ake Cheedu ns CAREC EE CELER 10. 42 
Wilting coefficient (average for spruce and yellow pine)...........eeeceeeeeee 4. 88 


It was planned to carry about 12 per cent moisture, and to prevent the 
saturation of the lowest stratum of the soil by injecting the daily supply 
of water near the surface. The feed tube, then, instead of opening into 
the inverted clay pot at the bottom of the can, was bent about 2 inches 
below the surface and opened into the soil near the center of the can. 
Aside from this the potting arrangement was the same as in 1917. 

The 12 per cent moisture would constitute, in the average of the 22 
cases, 284.4 gm. of water. At the outset, however, the average pot was 
given 528.8 gm. of water, in order to create a very favorable condition. 
In the average case this supply lasted much longer than had been antici- 
pated and was not brought down to standard until after July 1, so that 
during the first two months the moisture conditions were by no means 
uniform. 

Finally, beginning September 3, the water content was gradually 
reduced, until on September 27 it was 70 gm. below the standard, or in 
the average case amounted to 9.05 per cent. This change was designed 
to simulate the usual autumn drying of the soil. 

We thus have the following average conditions in the several pots, 
comparing with a mean availability of about 0.850 through the entire 
season of 1917: 

May 11, 528.8 gm. = 22.31 per cent =availability 0.780; decreasing to 
284.4 gm., or 12 per cent, about July 1=availability 0.594; reaching 
September 27, 214.4 gm., or 9.05 per cent = availability 0.461. 

It is, therefore, seen that in the osmotic sense the conditions for ready 
absorption of the water were far less favorable in 1920 than in 1917. 


PROCEDURE 


The procedure in handling the pots was in minor details almost the 
same as in 1917. On the other hand, as has been mentioned, they were 
not under glass but under a canvas cover which was raised during the 
entire day except when showers occurred, permitting unmodified sunlight 
to reach the trees and also allowing much freer air circulation; the 
primary effect of which was, undoubtedly, to prevent the occurrence of 
excessive temperatures. While the extreme sun temperatures recorded 
were not materially lower than in 1917, the air temperatures were scarcely 
above those outside the shelter and were very much lower than in 1917, 
when they averaged 6° F. higher than the outside air. 

The revolving table on which the pots were exposed was nearly 5 feet 
in diameter and made a revolution every two hours. 
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RESULTS 


Amount of Transpiration Compared with 1917 


The first point to be noted in Table VII is that the amount of transpira- 
tion in 1920 was very much less than in 1917. 

On the basis of mean green weight it was 42.4 gm. in 1920, as compared 
with 123.0 in 1917. On the basis of leaf exposure it was 8.81 gm. in 1920, 
as compared with 20.6 in 1917. For leaf area we have no data in 1920. It 
is evident, however, that, considering the amount of water used in rela- 
tion to size of trees, the transpiration was only one-third to two-fifths 
as great in 1920 as in 1917. This may be accounted for— 

1. By a season of only about 147 days for the average tree in 1920, as 
compared with 203 days in 1917. 

2. By reason of much lower air temperatures in 1920. 

3. By reason of considerably less sunshine in 1920, but especially the 
lack in June, when the driest atmosphere usually prevails. The following 
data for whole months give the sunshine in recorded minutes: 





1917. 1920, 
| RE Venere ee Sry entrar ree Re ea eae ee 8, 622 9, 598 
DAR AEE Ane er era win erie ae ore Aen ee eee Rye ee we 15, 807 8, 903 
PUM iiss Vind tie < bUAN caltubion cle asENG Wie biog wie el lente ¥ eiolaeteN sib as abate 12, 932 II, 310 
soc sido gins evs bree b5 HOF ARENT HERE Ho es Erie bales 4 vale eee 10, 496 II, 704 
PI ois i one nistpgnie vals naan SiieNMeEnic.< Vado eC eeA Oana 10, 442 11, 695 
oo SE TER Le Crew ea ie ey ee 58,299 53,210 


It is also probable that on account of the arrangement of the room the 
trees received a smaller percentage of the total sunshine in 1920. 
4. The water of the soil was less readily obtainable in 1920. 


TABLE VII.—Actual water losses and transpiration in relation to size and growth in 1920 














Species. | Yellow pine. Douglas fir. 
BE GIs 6 .0:6.000 0 cdaicate venieeep aan 22 I 18 15 17 10 7 
Transpiration: 
SEO SEUD G8 o6 cc evvvosccved 51.5 52.8 35-6 66. 2 83.0 108.9 112.0 
EEE PR rary oe 109. 0 112.0 102. 7 144-6 I1I.4 122 9 134-0 
SG chiss codes ceestictees 132-4 163. 1 236. 4 280. 0 117.6 162.6 149.0 
er eee 161.2 236.8 338.2 492-7 130. 3 180.0 177.0 
re ix 4 or 8 oY ° oe 4 Oe 9 ix 3 ( i 8 
oasis 7 7 8 5 6 
October (to day indicated). . { 31.6 80.5 737 105-9 47-8 oo 7 
Total for season........... 637-1 939-0 | 1,099.6] 1,598.8 621.0 796. 8 793-5 
Correction, direct evaporation .. 79:4 79.6 79.6 194 79.6 7-7 79-0 
Net transpiration......... 557-7 859.4 | 1,020.0] 1,519.4 541-4 719.1 714-5 
Transpiration: 
Grams per gram weight ac- 
cretion— 
SE 715 231 185 Ist a Pere 345 
BS OV esericutuwesccden 564 592 615 514 302 506 992 
Grams per gram mean green 
RE RES 26.1 41.8 56.8 67.3 19.1 21.6 32.1 
Grams per square centi- 
meter leaf exposure....... 6.5 10.1 % 5 14.2 3-8 5.1 5.0 
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TaBLE VII.—Actual water losses and transpiration in relation to size and growth in 


























































































1920—Continued 
Species | Lodgepole pine. Engelmann spruce. 

Seances eetneeemcncitsand jute taeda i 
POR FiO s oun chaikadiebnd goer concen | 3 23 24 9 19 12 II 
Transpiration: | 

Be SB GR BR oc coccadesscacene | 64.5 83.7 94-5 125.9 93-5 99. 6 181.8 
MN ds sae ceatadéspecucésun | 154.8 246. 6 243-2 177-3 143-3 127-9 327-7 
i. « .ccb te bev wok Needee ke 196. 3 548.3 607.1 212.1 149-4 194.1 607.8 
(SRE erry | 394.0 726.0 923.6 341.3 240. § 272.5 894. 5 
SE | as I or 5 “ 9 iy 6 re 8 oy 8 ( = ° 
ar | 8 6 6 5 7 5 5 
October (to day indicated). A 103.1 106. 8 118.7 56.2 42.3 29.8 123.8 
Total for season..... seen 1,347-8 | 2,3389 | 2,696.0] 1,276.4 | 893. 8 951-7 306.6 
Correction, direct evaporation. . | 79.6 79.0 79-0 77-7 | 79-4 77-7 77-7 
| 
Net transpiration......... | 1, 268. 2 2) 259-9 2,617.0 1,198.7 | 814.4 874.0 2,983.9 
franspiration: | 
Grams per gram weight ac- | | 
cretion— ] | 
SES cadicarnctnums | 148 204 195 138 | 162 149 140 
rrr ror | 7o1 802 688 45° 431 420 494 
Grams per gram mean green | 
Tan Feet eccnccosntdses | 52.9 82.0 66.9 74-6 | 103. 8 86. 1 45-3 
Grams per square centi- 
meter leaf exposure....... 11.4 19.0 15.4 11.6 12.0 10.4 10.1 
Species. Limber pine. | Bristlecone | Scotch pine. | Siberian larch. | All. 
POCO ipevdcv vevcciudevecs 16 aI 8 4 13 2 6 es DLE 
Transpiration: 
PE SU OE SD, cecctcccsone 1gt.2 79-2 57-3 74-3 81.7 39-1 71-9 WE Wensee cs 
Bev ecvccddctoveveccece 151.2 717-2 105.3 128.1 149-1 | 121.6] 15812 WBS Bo icécaes 
pS eae ee 321-3 84.1 128. 8 114-5 183.4 | 231-0 236.2 | as 
SP eikscapccctscctes 484.4 112.9 132.2 107. § 194-7 | 416.0 = os reetabis 
Cocccecfocccccerloccccccsiecoseccelecceccce lovcccces 27 27 
peepennepenseahepneet saa | 125.2 | 1084 87.6 | 212.7 | 4547 123.5 | 152.8 } beueews 
October (to day indi- |f (8) (7) (3) (3) (6) 8 } 
| an 132.5 31-4 7.1 6.7 382 | 1021 |f*""*"* ‘dala §| EL A 
| 
Total for season........|1, 755.0 | 510.0 | 539.1] 518.7 | 859.8 |1,364-5 |1,046.7 | 862.8 ]........ 
Correction direct evaporation 79 79-4 76.0 76.0 79:0 | 796 70.3 OSE, canens 
Net transpiration...... 1,675.4 | 430-6] 463.3 | 442-7 780.8 |1,284-9 | 976-4 | 792. 5 | 247,940 
Transpiration: 
Grams per gram weight 
accretion— 
Pidnstedbdescses SD favedess 230 168 420 191 243 gir 198 
DF... serccecccevess 773 |4,785 317 434 409 464 333 257 522 
Grams per gram mean } i 
green weight......... os 24-4 13-5 15-1 32.0 | 25.6 52.6 94-0 49-7 42.4 
Grams per square centi- | | 
meter leaf exposure..... 2.0 3-6 37 6.3 | 5-0 11.9 10.0 6.0 8. 81 








































On the basis of the growth made, the transpiration is also less in 1920 


than in 1917, though not so strikingly so. 


respectively, for 1920 and 


1917. 


for, while in 1920 this was carefully done. 


insufficient materially to affect the results. 


It seems fairly evident that the transpiration per unit of growth is a 
more stable quantity than that per unit of leaf exposure or whole mass, 
in spite of the fact that the former is very much dependent on the whole 


leaf area functioning. 


For green-weight accretion 
the figures are 198 and 263, and for dry-weight accretion 522 and 88o, 
In other words, for green-weight accre- 
tion it required 75 per cent as much water in 1920 as in 1917, and for 
dry-weight accretion 59 per cent as much. ‘The difference between these 
two percentages and between the two years may be due largely to the 
fact that very little foliage falling in 1917 was salvaged and accounted 
However, it is believed the 
amount dropped by the trees in 1917 was relatively very small and 
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Water Requirements 


Comparing now the species, as was done for the data of 1917, we have 
them in 1920 aligned as in Table VIII. 


TABLE VIII.—Comparison of different species as to water requirement 





| Transpira- 
| tion per | Probable 
Species. unitofdry-| error in 
weight | average. 
| accretion. | 
— | | — 
| Gm. | Gm. 
Riis 5 Ssbidhs 35 BG AWE Os NORE eh ere noe kn | 2,779 | 850 
RONEN MURS 555.5505 whe $0556 Baader owner wh 6 eet oan SAR ae | 730 | 18 
RPIIIEE sox) cirnissip.anwh caries a AB Ni A RE WES er OAS 6 EMEA 600 160 
NE DU as 55 5G oc fs ORs bate ns Ch enletes sled hese eens | 571 5 
NUNN £88. hike SOON exars rosin on de sGaeie ke eta dae | 441 | 6 
NNR r5 eaaais oh Gaui ve os RAR RARE Cae Laebe eave | 436 | 23 
ee ere on hee ree ee 376 | 49 


Cee IT me se rare eee te eee ete: | 295 | 32 


Resistance to Transpiration 


On the basis of leaf exposures we have a very different arrangement 
(Table IX). 


TABLE IX.—Comparison of species as to resistance to transpiration 











Transpira- 
tion per | probable 
Species «ceSgttG | “error ia 
leaf expo- verage. _ 
sure. 
aes 5 
Co EO RE Merk e rere emer ice rr were | * 2g.er7 0. 49 
SIU so cccineincisis a4 Rel 54 Ob sc kee es seer hi Qe Se . aI 
NIN S55 WANG 6 5.55% sia Peles ¢ tithsas NRE s carb cenReewnns 10. 08 - 66 
IIE 5 5565.Gs: Voir an sis 5 MRS Ke SWING Sire wae eee Rae Teo | 8. 45 2.91 
ce SEE SES. Mee SPCR Rae 8, Srna cs ey) eee ae, omer 8. 00 1. 69 
MR sing Sa 4a ale wins) nto Ga p.4s% ona vues ons copnemeapee urs 5. 30 I. 44 
LUNES 0.5 03 se nb tensrpenned sedeeas censor p enon rice 5. 00 I. 10 
RMN oS S aii. ki «04 5p ANAS Sia eRe haw eee. ieee ew Ce 4. 63 39 





EXPLANATION OF RESULTS 


On thorough consideration of the meaning of the results which have 
been given above for both 1917 and 1920 tests, we come to the conclusion 
that neither method of comparing the species is very satisfactory when 
the number of individuals involved is insufficient to cover all possible 
variations. In these tests considerable variation in growth rate is to 
be expected as the result of more or less incomplete recovery from trans- 
planting. The small spruces, for example, in 1920 showed no delay in 
starting new growth; the single large spruce came on satisfactorily after 
considerable delay; one large limber pine grew vigorously while the 
smaller one did not extend its terminal or branch buds over one-fourth 
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inch and put on no new foliage. None of the Douglas firs grew vigor- 
ously in 1920 while all of them dropped a good deal of their old foliage. 

The water requirements and the rate of transpiration per unit of mass 
or leaf exposure are closely interrelated, it will be seen, for the following 
obvious reasons: ; 

1. New shoots undoubtedly transpire more freely than old foliage. 

2. When a plant is not growing it seems to transpire relatively little, 
either because it can not obtain the water or, possibly, because it has 
closed its stomata. 

3. It therefore follows that the amount of transpiration per unit of 
mass or leaf exposure may be very much affected by the amount of 
growth made. 

4. And it is equally apparent that the transpiration per unit of growth 
may be somewhat dependent on the total amount of foliage functioning, 
though it must be conceded that so long as the old foliage transpires, it 
probably is also capable of some photosynthesis, and therefore con- 
tributes to growth. 

The important point is to recognize that an extreme case of poor 
growth may throw the specimen very high in one list and very low in the 
other list (for example, Pot 21 in 1920). It seems, therefore, only 
reasonable to eliminate from both records the individuals which have 
apparently not performed normally in the matter of growth. As the 
basis for normalcy is so meager, we can not bring ourselves to the elimina- 
tion of any trees except one limber pine in 1917 and another in 1920. 

On the other hand, what is true of individual trees affects the relations 
of the species. Apparently, small spruces are capable of a generally 
larger accretion percentage than similar trees of our other native species. 
As has been pointed out, this would be a very important factor in com- 
petition. Its bearing on absolute water requirements and drought 
resistance is not so plain, and we have had serious misgivings as to the 
desirability of comparing the species, in their moisture relations, on this 
basis. Nevertheless, it is fairly apparent that a high growth percentage 
in itself denotes something of superiority in the relation of the tree to 
its environment. It indicates either that the tree has some peculiar 
ability to make use of the available light or that it is more capable than 
others of supplying the water, or the carbon dioxid, in just the right 
amount to make photosynthesis effective. If either of the latter is a 
factor in the result, we may say either that the plant has superior ability 
to obtain water or that it has superior ability to retain it while keeping 
the stomata open for the ingress of carbon dioxid. There is left, there- 
fore, little doubt in our minds that the tree of low ‘“‘ water requirement” 
as related to growth is in fact the tree which has the superior control over 
its water supply. 

It is, therefore, important to compare the species on the basis of the 
growth made, in order to understand the marked differences between the 
absolute transpiration rates in 1917 and 1920, which leave the relations 
of the species so confused. 

On comparing further Tables III and VIII, it is seen that with one or 
two exceptions, namely, yellow pine and bristlecone pine, the water 
requirements as determined in 1917 and 1920 are not so divergent that 
we need hesitate to combine them to obtain more effective averages, and 
it seems best to use the value for each tree in obtaining the mean. There 
are also given the mean growth percentages for each species. In figure 2 
the general relation between growth rates and water requirements is 
plainly shown—a relation that seems logically unavoidable. 
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yiwe ht | 
Fic. 2.—General relationship between water requirements and growth rates for all species in 1917 and 1920. 


TABLE X.—Water requirements and growth in 1917 and 1920 


{ 

I9g!t 1920 

wed | “ Aver- | Aver- 
|\— 


| | 








c eo | l ee age | age 
Species. Nelbeie 7 | - Tan. | Xifakee | Crancths water growth 
| berof | require- | pereent-| ber of | require- | percent. | ere: | pereent- 
trees. ment. | age. | trees. | ment. | age. | ret bak 
| Gm. | Gm. | Gm. | 
Latnber pime. is. <<0:) . 1 | 1,144 | 31.0 I | 2731 Fuk 958 | 19.2 
Lodgepole pine.......) 2 954 | 46.6 6 730 | 27.8 786 32. 5 
Yellow pine..........| 2 | 1,555 | 32.4 8| 571 | 25.6, 768| 27.0 
Bristlecone pine....... | 2") ¥, 320 1°42. 3 | 2| 376] 14.7! 743| 23.0 
DOMPION EE. 51. 2. 39: 2 684 | 64.9 3| 600] 110 634 | 32.6 
Engelmann spruce..... 2 595 | 75:2: | 9 | 441 | 66. 4 456 68.0 
IN Sos chs pdhcnalnyd:.0.0 oka Stostas el Kaneois | 2 | 436 | 24.6 436 24.6 
siberian latch. ......... BPRS Skerewess Sere 2 | 295 | 83. 5 295 | 83.5 
| | | 


@ Dry accretion related to dry weight at beginning of season. 


At least two important points are gained by the combination of the 
1920 with the 1917 data. The position of limber pine, as the least 
effective user of water, is more nearly established, and lodgepole pine is 
brought into this class, where our empiric estimates would place it, as 
we shall see later. 

But the main reason for presenting the growth data in Table X is to 
explain the positions of the species as given in Table IX. It is seen that 
Engelmann spruce maintained in 1920 almost as high a growth rate as 
in 1917, and this explains its appearance as a relatively extravagant 
user of water on the leaf-exposure basis. Conversely, limber pine and 
Douglas fir both appear as conservative users of water in 1920, evi- 
dently because they were relatively inactive. 
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In combining, then, the data for the two years on transpiration per 
unit of leaf exposure, we shall not lose sight of the fact that the posi- 
tions of Douglas fir and limber pine, at least, and to a lesser extent that 
of bristlecone pine, are determined by relative inactivity in 1920, and 
that they really belong higher in the scale than here shown. There are 
possible means of making allowance for this influence of growth activity 
on the total transpiration, but they are so purely arbitrary that we 
hesitate to use them. 


TABLE XI.—Mean resistance to transpiration, 1917 and 1920 (growth data repeated to 
explain relative positions) 











} Mean | 
transpi- | 
‘ian cation pet pan! 
epecies. square percent- 
nti- | 
mater leaf | 28€S- 
exposure. | 
PT SO ELIE OIF Ee | 
' Gm. | 
MSR MUM UE WOU 6 a5 a0 os He, dun OHS Ped ble hc'e doc das sexgcmnnywnns 17. 35 | 32.5 
RNIN ie. 5 icecoriiernvso-encch 2b Sea Baroy oe dab cnaand memeklnnns 14. 96 | 27.0 
IND 6 5 05s oxo CUBS HAVEN oR atEG ap Ce cbinee Ch casieents ocve). Been 19. 2 
EEE IND 555 te eeey <4 i 0kco Ok nebckeds te ieerasesdaseeend 13. 10 | 23.0 
RTE UNOS cies. 5. 0K ea Cis te veu ds ohemaes ceedaekenan 11.97 | 68. 0 
OE VE ET CETTE TET RES er ee, g. 50 | 32.6 








That these relations of the species are not fixed and might easily be 
modified by additional data or consideration of different climatic varieties 
is fairly apparent from the divergence of the individual results. On the 
same basis as Table XI, the three lots of yellow pine studied in 1920, 
each of which maintained a healthy condition and performed, relatively, 
much as it had been performing in the nursery, gave the following results: 


| Transpira- 
tion per 
Saat square Growth 
Variety. centimeter | percentage. 
leaf expo- 
sure. 
| Gm 
ES Se Ee rn eae | 8. 3 11.7 
| CCT E TET REC CURE eRe ere ery 9. 5 | 19. 5 
4.2 ° 


MEMES UTE vac. cc coco ce ecen cs meee ccaltee cherie hernia | 14. 


There is every reason to believe these results were normal and express 
something of varietal difference. It is seen that the high growth rate 
of the Arizona form was accomplished with the extravagant use of water. 
Whether this is generally true of the more southern forms our data are 
inadequate to determine. Rather similar differences occur with lodge- 
pole pine, but here the Wyoming form is the most extravagant and rapid 
growing. 
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ABILITY OF THE SPECIES TO OBTAIN WATER 


A very considerable amount of light is thrown on the meaning of 
Table XI and our other discussions by considering the water require- 
ments of each species in 1920, with the considerably less abundant water 
supply, as a measure of the ability of each to extract water from the soil. 
Thus, in comparing Tables III and VIII it was particularly noted that 
bristlecone and yellow pines, which in 1917 were more generous users of 
water, in 1920 took very low positions in the scale. The relative changes 
are indicated in the following table, where the use in 1920 is expressed 
as a percentage of the use in 1917. Only the better growing limber pines 
are considered. Comparison is made on the basis of Tables III and VIII 
and Tables IV and IX. 





\ 
Relative | Relative 
Species. transpira- || Species. | transpira- 
tion in 1920. || | tion in 1920, 
(a sevuseuomign te —_——— tener SEA NESE TRUE ree & 
Per cent. l : ; Per cent. 
Engelmann spruce............. 77.2 | Limber pine... .........0+00+5 48. 5 
Lodgepole pine................ 66.2 || Yellow pine. ..............++5. 33-0 
See 57.6.|| Bristlecone pine. .....2...52%: 28.8 
1 
i 





In some degree these observations are corroborated by the data in 
Table XII in which is shown the change in relative transpiration rates 
through a period in which the last pot listed for each species was given 
additional water. For the periods represented by September 28, 29, 
and 30, the water in each pot was at 70 gm. below standard, and except 
for the one pot of each species, the same amount was maintained on 
succeeding days. On the morning of September 30 the amounts in the 
special pots were increased 50 gm., and on October 1 they were brought 
up to standard. After this, they were not again watered until dried out 
to the original basis. If, then, the availability of the water, which was 
thus increased from about 0.461 to 0.594, as described under the heading 
“soil,” has a bearing on the amount transpired, its effect should in all 
cases be apparent in the transpiration recorded October 1 and 2. In the 
table is shown what was the prevailing relative amount for the special 
tree, compared with others of the same species for the three days when 
water contents were the same. The relative amount on October 2 is 
then shown as a percentage increase. 

It is to be noted that after October 2 the relative rates of the specially 
watered trees steadily declined, and in some cases went below the pre- 
vious rates, until the day indicated by ‘‘W,” when the first fresh water 
would take effect. This is plainly due to exhaustion of water close to 
the roots and is a commentary on the importance of transport within 
the soil. 
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From the data in Table XII we see that the limber pine was little 
stimulated, probably because its transpiration is always moderate. 
The spruce was still less affected, apparently because it is always able 
to satisfy its needs. Lodgepole, Douglas fir, and yellow pine were about 
equally helped and seemed greatly invigorated. The relatively high 
transpiration of the fir on October 1 and 3 can be accounted for only 
by an error in weighing. 

To a certain extent, these performances may be accounted for by the 
root habits of the trees. It is possible that the finely divided and 
numerous roots of the spruce give it immediate control over so much 
more soil that it exhausts the available water much less quickly than 
those species which usually develop only a few coarse roots. To some 
extent this would also explain the ability of limber pine to obtain its 
water more steadily. On the other hand, either lodgepole or Douglas 
fir ordinarily has much better roots than yellow pine, yet these three 
were about equally stimulated by a heavy addition to the water supply. 

On the whole, this matter is only suggestive and does not, we believe, 
explain the relative behavior of the species. That Engelmann spruce 
possesses a remarkably great ability to supply itself with all the water 
that is needed under the most trying circumstances, and that this 
ability is exceeded, among the species studied, only, possibly, by that 
of Siberian larch, seems proved beyond a shadow of doubt. This is 
plainly shown in the day-to-day records where, if there is a marked 
contrast in the amount of sunlight on two succeeding days, or in other 
conditions conducive to high transpiration, it is the spruce which is 
invariably able to live up to these conditions most fully. Thus we are 
enabled to say quite confidently that the relatively high rate of tran- 
spiration of spruce on cloudy days, as shown by Table V, truly expresses 
an ability to make use of all available light and does not signify that 
this species is unable to meet the conditions which cause high trans- 
piration from all the species. 


SUMMARY 


It has seemed desirable to go into this matter fully on account of the 
complicating features introduced by the radically different results 
secured in 1917 and 1920, and in order that we might not deceive our- 
selves as to the true meaning of the results. It has been necessary for 
us to go through with this analysis in order to reach a conclusion, and 
it is hopeless to expect the reader to reach a conclusion by any other 
process. 

It now becomes fairly apparent that transpiration is very much 
dependent on water supply and that the relatively low water use of 
some of the species in 1920, when the water supply was maintained at 
a low level, is not to be considered as a virtue but rather as evidence 
of a lack of ability to supply needs. And, even though in some cases 
growth may not have been seriously impaired by the inability of certain 
species to keep the leaves well stocked with water, yet it is perfectly 
evident that the species which show this inability in the most marked 
degree would soonest succumb in time of real drought or in the usual 
autumnal drought that occurs where there is strong competition. 

There are, apparently, two slightly different problems to be considered 
in comparing the species. ‘The one has to do with the relative require- 
ments of different tree species of a unit size. The other has to do with 











lO. 2 


tle 
te. 
ble 
ut 
igh 
aly 


the 
nd 
ich 
lan 
me 
its 
las 
ree 
ly. 
ve, 
ace 
ter 
his 
hat 
: is 
ced 
her 
| is 
are 
an- 
ses 
hat 
ns- 


the 
ults 
ur- 
for 
and 
her 


uch 
» of 
1 at 
nce 
aSeS 
tain 
ctly 
ked 
sual 


red 
\ire- 
vith 





Apr. 14,1923 Physiological Requirements of Rocky Mountain Trees 131 





the amount of water required during the production of a unit of growth. 
Both relations are important in ecology. But, except with the weed trees, 
limber and bristlecone pines, we have found no essential difference in 
comparing the species on the two bases. To what extent a low water 
requirement means great drought resistance we shall see later. Appar- 
ently there is not a great deal of difference between the species at the 
minimum water point. There is evidently a great difference in their 
activity or vigor under better conditions, and this, perhaps,.is the most 
important point we have brought out. 

The important consideration is that the additional data secured in 
1920 have not materially altered our conception of the physiological 
qualities of the species, which are best indicated relatively by Table III. 
It is true that in 1920 lodgepole pine used relatively more water and made 
less vigorous growth, so that now, by either Table X or XI, it appears as 
@ more extravagant demander than yellow pine. Likewise Engelmann 
spruce kept up its rate in 1920 more nearly than Douglas fir and hence 
appears more extravagant. These facts, however, merely confirm the 
belief that the species which under favorable moisture conditions is most 
conservative is best able under all conditions to satisfy its needs. The 
reason for this will be more apparent after considering sap density and its 
osmotic bearings. 

To summarize, briefly, for the species, what it is believed is shown by 
the preceding data and discussions: 

1. Limber pine: Very slow growing, but also very conservative in the 
use of water. Represents highest development in structural protection 
against atmospheric conditions, but probably poor development in rela- 
tion to the soil. Not adapted for competition. 

2. Bristlecone pine: Not quite so far developed as limber pine in any 
respect mentioned. 

3. Yellow pine: Relatively slow grower and has little protection 
against losses; consequently from either standpoint its water use is very 
high. Shows little ability to cope with drought conditions. Arizona 
form more vigorous and equally extravagant of water. 

4. Lodgepole pine: More rapid grower than yellow pine. 

5. Douglas fir: Apparently adapted to conserve water but growth 
rate not nearly equal to spruce, possibly being in these tests more 
adversely affected by transplanting because of the relatively long roots, 
which are characteristic, and their small numbers. 

6. Engelmann spruce: Most highly developed of our native species 
to make use of all conditions of environment in vigorous growth. Is 
conservative of water and low in water requirements for growth. These 
characteristics may partly explain its shade tolerance and its success in 
competition. 

7. Siberian larch: Although little studied, seems to be developed even 
beyond spruce in all particulars. 

8. Scotch pine: Stands about midway between our pines in tran- 
spiration rate and lower than any of them when growth is considered. 
Seems to be developed along lines of spruce and fir for alpine conditions. 
It should be remembered we are speaking only of the Riga form. 


SAP DENSITY AND THE VARIATION IN TRANSPIRATION RATES 


Sometime before the transpiration tests which have just been described 
were made in 1917, carefully conducted drying tests on green and partly 
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dried lodgepole cones, in a calorimetric kiln, had clearly demonstrated 
that the amount of heat required to extract a gram of water from cones 
was not 536 calories but an amount always in excess of that, which 
increased rapidly as the amount of sap in the cones decreased through 
preliminary drying. This apparent increase in the latent heat of vaporiza- 
tion, it was thought after a study of the physical chemistry of solutions, 
might be related to the phenomena of rising boiling points and decreased 
vapor pressure with increases in the concentration. Unfortunately, no 
direct experimental work on this problem had been done, so far as I 
have been able to learn to date, and a number of physicists consulted 
agreed that in their interpretation of the theory of solutions a solute 
could not increase the latent heat of vaporization of the solvent. 

The writer, in the most dependable tests it has been possible to make, 
has found that at the respective boiling points of various concentrations 
of common salt in water, the latent heat of vaporization decreased 
slightly with increased concentration, up to the point of saturation, 
Making allowance for the higher boiling point of the concentrated 
solution, it would appear that for a given temperature the latent heat of 
vaporization was practically a constant. In these tests an electric 
immersion heater was employed for the heat supply, the wattage being 
precisely measured; the evaporation was directly measured by weighing 
the solution; and allowance was made for direct radiation from the solu- 
tion and vessel. 

The greatest objection to these tests, or to any that we have so far been 
able to devise, lies in the difficulty of maintaining a constant temperature 
with a constant and measurable heat supply, at a relatively low tempera- 
ture such as plant tissues may experience, and also at a relatively low tem- 
perature such that the radiation factor is not a great possible source of 
error. Until these difficulties are overcome we can hardly say that the 
problem of the latent heat of vaporization as it relates to plant evapora- 
tion has been satisfactorily treated. 

On the other hand, it is a fairly simple matter, at either high or low 
temperatures, to determine that the rate of evaporation is very materially 
reduced with increase in concentration when the source of heat is outside 
the solution. This would make it appear that there may be a problem in 
conductivity quite as important as, if not more important than, that 
relating to latent heats. The resistance to drying, shown by rather 
concentrated solutions such as sirup, is quite well known. As an illustra- 
tion of what we mean by heating from the outside, let us take the case 
of two identical evaporating dishes placed over a steam bath. The steam 
is constantly in contact with the bottoms of the dishes. It may not, 
however, give up its heat unless the surface of the dish is being cooled 
by radiation above or evaporation of the liquid in the dish. Such an 
exposure can not possibly give any indication of the quantity of heat 
utilized in evaporating from the dish. 

Under such circumstances as these the writer found the evaporation 
from a saturated salt solution to be less than one-twentieth as rapid as 
that from pure water. 

Similarly, exposing a number of test tubes mainly to the heat of the 
air in contact with them, the rates of evaporation were found to be 
depressed by somewhat dilute saline and sugar solutions. 

Vessels and bottles in which the contents have been heated primarily 
by the rays of the sun have not shown any consistent depression of the 
evaporation rates due to solutes. 











No. 


ated 
ones 
hich 
ugh 
‘iza- 
ons, 
ised 
, no 


Ited 
lute 


ake, 
ions 
ised 
ion, 
ited 
t of 
tric 
ing 
ing 
olu- 


een 


-ra- 


ra- 


ally 
side 
1in 
hat 
her 
Ta- 


am 
lot, 
led 


eat 


‘ily 
the 





Apr 14,193 Phystological Requirements of Rocky Mountain Trees 133 





The available facts, then, which have a bearing on the possible influence 
of sap concentration on the rates of evaporation from similar bodies are: 

1. At any given temperature the vapor pressure over a solution de- 
creases as the concentration increases, indicating that the solution does 
possess a stronger hold on the molecules than does the pure solvent and 
that therefore the solute may at least decrease the rate of evaporation. 
There is nothing in the quantities involved, however, to indicate that 
this might be an important factor within the limits of cell-sap concen- 
trations. 

2. Calorimetric tests on the heat required for drying cones indicate 
an increase in the latent heat of vaporization as the concentration of solu- 
tions in the cone cells increases. Even admitting that the large number 
of tests puts the facts practically beyond question, there may be here a 
case of adsorbed water rather than a case of solutions, and with the 
molecular affinities and possible latent heats of the former we are not, 
just at present, concerned. 

3. Carefully conducted tests on free saline solutions indicate that the 
latent heat of vaporization is not appreciably affected by concentration 
or at least not more so than might be deduced from paragraph 1. 

4. Observations on the heating and evaporation of solutions by low- 
temperature, exterior sources indicate an inability, increasing with con- 
centration, to absorb and transmit such heat in a manner conducive to 
evaporation. We shall not attempt to go into the theory of this. The 
important fact is that the heat of the air, and sunlight so far as it is 
absorbed by the exterior walls of the leaf or the interior cell walls, may 
be relatively ineffective in producing evaporation from a concentrated 
as compared with a dilute solution, while, apparently, such rays as were 
directly absorbed within the solution would be about equally effective 
in all cases. It goes almost without saying that, if such absorbed heat 
does not produce evaporation, it must increase the temperature of the 
leaf until a point is reached where absorption and radiation balance. 

In view of these facts, when, at the close of the transpiration tests, it 
was discovered that the several species showed such unaccountable and 
surprising differences in transpiration rate, with respect to growth or 
mass or leaf area, the first thought was that they must exhibit differ- 
ences which could be expressed in the qualities of the solutions from 
which the evaporation of water takes place.® This thought was too 
hastily transformed into action by igniting the specimens which had 
served for the transpiration tests, in the expectation that the ash weights 
would be an index to the solutes in the plants and the densities of their 
cell solutions. This supposition was, of course, erroneous in taking no 
account of the soluble carbohydrates as well as some of the mineral 
oxids which would be lost in ignition and which comprise the greater 
mass of the solutes. As indicated in Table I, the ash percentages are 
irregularly variable and are found to bear no relation to transpiration 
rates. 

Having destroyed the best source of information on the physical quali- 
ties of the original specimens, the next step was to obtain specimens as 
nearly as possible like those used in the transpiration tests. ‘This was 
done by securing trees of the same classes as those taken from the nursery 
in the spring of 1917 which had spent the growing season in the nursery. 





5’ The writer wishes to acknowledge the very helpful suggestions of the article by Barrington Moore 
(13), which was received in galley proof at such a time as to aid very materially in solving the current 
Preéblem, and which reviews a number of the more recent researches on this pr 
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The specimens were collected on December 3, 1917, before the ground 
was frozen, and when there had as yet been no drying winds. From 
three to eight trees of each species were taken so as to secure a con- 
siderable mass of material. The tops were cut off at the root collar and 
those parts only were used. 


PROCEDURE IN DETERMINING SAP DENSITY 


The necessary data for determining the momentary density of the 
sap in a plant appeared to be— 

(1) The weight of the green material, determined as quickly as possible 
after the material was collected. 

(2) The weight of the soluble matter leached out with an abundance of 
water and evaporated. 

(3) The weight of the insoluble pulp, oven-dried. 

By adding together (2) and (3) and deducting from (1), the original 
amount of water (and other solvents) in the plant is obtained, and this, 
when divided into (2), gives the sap density, usually expressed as a 
percentage. 

In these original tests the plant material for each species was ground to 
a pulp, and these pulps were allowed to stand in cold water of about 
10 times the pulp volume, 3 waters being used for each. Finally the 
pulp was all accumulated on a filter and dried with the filter paper. The 
aqueous solutions were evaporated at temperatures not exceeding that 
of boiling water. In all cases the so-called ‘‘sugars” thus secured, after 
becoming dry, were not wholly resoluble, indicating that colloidal matter 
had been included and had passed through the filters. This matter was 
a small proportion of the total solids, however, and may be assumed to 
have equally affected all samples. 


RESULTS 


The sap density percentages obtained for the nursery seedlings, in the 
first tests made, were as shown in Table XIII, in which the water re- 
quirements are again given. Figure 3 shows that the sap densities and 
water requirements plot a curve which is remarkably perfect, considering 
the changes that have been noted in relative transpiration rates during 
the season, and the somewhat questionable value of the water require- 
ment for limber pine, which must be based on the performance of only 
one specimen. 


TABLE XIII.—Sap densities and water requirements in 1917 








Sap density} Water re- 
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At first thought it does not appear probable that the density of the 
spruce sap, which is only one-half greater than that of yellow pine, is 
sufficient to reduce the relative water loss of spruce to one-third or one- 
fourth of that of the pine. It is not necessary to assume that the small 
water loss of spruce, as related to its photosynthetic activity and amount 
of growth, is entirely the direct result of the physical properties of the 
dense sap of this species. To determine how the result may be brought 
about, all the following factors must be given consideration: 

1. Higher sap density means less evaporation per unit of available heat. 

2. Higher sap density means higher leaf temperatures before evapora- 
tion can take place at a given rate, with the possibility that in sunlight the 
leaf may become warmer than the air and therefore lose heat by radiation 
and conduction. 





Fic. 3.—Water requirements in 1917 transpiration tests compared with sap densities on nursery specim 
December 3, 1917 (solid line) and sap densities in natural habitats, December 30, 1917 (broken line). ag 


3. Higher sap density, by permitting higher leaf temperatures, should 
facilitate the photosynthetic process, thus relatively reducing the water 
requirement. 

4. It must be equally true that greater photosynthetic activity or 
capacity will tend toward higher sap density as well as increased growth. 

When, therefore, the question is asked, ‘Is the high sap density of 
spruce a direct cause of its low transpiration rate, or is the former merely 
a concomitant of greater photosynthetic activity, and is this last the 
really important physiological characteristic?’ we are compelled to reply 
that the three things are so interdependent that all are equally causes and 
effects. It is left almost beyond question, however, that of the species 
we have considered the spruce represents the highest development and 
that this development is expressed in the highest growth rate (first 
columns of Table X) in the greatest current accumulation of soluble carbo- 
hydrates at the time of the December examination and in the most 
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effective use of water throughout the season. On the other hand, when we 
consider the low sap density of limber pine and its low water requirement 
in relation to either mass or leaf area, we obtain a suggestion that tran- 
spiration may be controlled by mechanical means rather than through the 
physical properties of the sap and that such control indicates a low state 
of development because it inevitably means the sacrifice of the absolute 
growth rate. Yellow and lodgepole pines, with relatively low sap densi- 
ties, appear not to exert the mechanical control over transpiration and 
are, as a result, perhaps more fastidious as to growing conditions than 
limber and bristlecone pines. 

While it seems important to have demonstrated that among the species 
of approximately equal development from the forester’s standpoint, 
growth, photosynthetic activity, sap density, and the relative extrav- 
agance in water use are thus interrelated through simple physical 
control, yet the really important question is whether high or low sap 
density exerts a control over the more absolute water loss. In considering 
this it seems unquestionably best to use the leaf-exposure basis, since 
the maximum area exposed to the sun must determine very largely the 
total amount of energy which might be available for the evaporating 
process. Without repeating the data which are given in Tables II and 
XIII (omitting the slow-growing specimen of limber pine), the relation- 
ship is shown in figure4. It is to benoted that the transpiration rate of 
yellow pine on this basis is relatively high, while bristlecone and limber 
pines are relatively low. In 1920, these relations are completely reversed. 
The facts leave little doubt that high sap density does materially sup- 
press transpiration. 

RESULTS IN 1920 


In view of the apparent relation between transpiration rate and internal 
condition of the tree, it is important to see whether the physical characters 
which we might ascribe to the several species are in any degree constant. 
Let us first consider the transpiration material of 1920. 

To obtain better data on the sap density of the trees whose transpira- 
tion was observed during 1920, sample trees corresponding to those potted 
were treated at the beginning of the season, and the transpiration trees 
were themselves treated at the close of the primary test. 

With the freshly dug trees at the beginning of 1920 it was possible to 
grind and treat the whole plants in very much the same way as the tops 
were treated in December, 1917. Owing to the large number of lots 
involved, however, four sets of sample trees were merely dried, and it is 
necessary to deduce their approximate sap densities from other results 
for the same species. 

In the fall examination it was considered of first importance to deter- 
mine the dry weight of the trees, as a measure of growth, without the 
risk of losing any material or whole results through accidents. The trees 
were, therefore, first oven-dried: It was several months before oppor- 
tunity presented itself to bring out this dried material, grind it in a 
mortar, make the extractions of sugars, and again dry the leached pulp. 
In this case no attempt was made to evaporate and weigh the sugars. 
This method is probably open to the criticism that a longer period is 
required to secure the same degree of leaching of solutes that may be 
expected with green material, and also that the drying of the material 
probably coagulates and holds some collodial matter that would, from 
green material, pass off with the solutes. This may account in part for 
the relatively low sap densities found at the end of 1920. 
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Fic. 4.—Relation between sap densities and transpiration rates on basis of leaf exposures. 
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The results of the two determinations are shown in Table XIV. 
TABLE XIV.—Sap density of trees in 1920 transpiration tests (whole plants) 


















































| Sap density at— 
meee Pot “eet ne Seasonal 
Species. ey Source. chnitesilieis End of | change. 
| of season. | season. | 
. | Per cent. | Per cent. 
po) ne or ee na | Mareye- sy. .i.. 13. 15 16. 18 
BAPE . CARE Bae 413,15 15. 59 
18 | Bitterroot.........| 513. 50 13. OI 
rs| dueayem..b 06.6.4) 1) Weegee 9. 30 | 
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PVITIIIE cle ovis dnisie'vg- suns WOME: «ig Male oct stcose Ves 23, 33 13.52 | +039 
OS Re ree ee 17 | Hayden.......... 15. 24 15. 63 
10! Leadville.........) 14.78 13. 25 
AB ie PR ee ae im 13. 71 
OE bad eS a : RG IC Tee 15.17 14. 20 i 
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Lodgepole pine................| | 3 | Colorado......... 14. 72 10. 60 
23 | Washakie.........| 914. 65 8. 80 
24 | Gunnison.........] 14. 49 10. 38 
| 
ee ae ee Soe BES Co Sarak Seen Rew eae a: 14. 55 9.93 | —4.62 
| | 
Engelmann spruce........... 9 | San Isabel....... | , 13-70 Lost. 
19 | Montezuma......| 513. 65 12. 84 
12 | San Isabel....... | 9. OI 12. 93 
tr | Unknown.........! 13. 50 12. 32 
| 
NS Shi ve oye g ek tains Sabamee re ee esa ees | 12. 69 12. 70 +. or 
MRNUOL NDS oy 5i.5s 66.509 Pe5 6s 16 | Unknown.......... 16. 05 13. 02 
BE sb voraiia Ree | 416.05 | 15. 36 —1. 86 
Bristlecone pine.............. are . er ae 16.29 
a BES __ er | 15.75 15. 68 +. 23 
boi) ee ae ee Bo eee ae 10. 80 
ok Oa he EE Ce 12. 65 +1. 29 
| ere ih eee ee 8.54 | (13.75 
BO). 1... weer tenths dy | @8. 54 | 4 15. 05 +5. 86 
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@ One test only for this class of material. 
> Sugar not extracted. Sap density estimated from green-dry ratio. 
¢ The specimen of high sap density is the one that made practically no growth. 
4 These sap densities determined after foliage was nearly all air-dry. Making allowance for this the sap 
densities should be about 2 per cent less. 

In considering Table XIV it should be borne in mind that at the time 
of potting the trees for transpiration study some of the species had made 
very appreciable growth while others had probably felt the stimulus of 
spring very little. It is perfectly apparent from other data secured that 
the initiation of growth in the spring means a flooding of the plant with 
water. Thus the relatively low sap densities of spruce and Siberian larch 
are expressive of their response to relatively low temperatures, while that 
of yellow pine is more indicative of a low condition throughout the 
winter. 

In view of the fact that the stage of the seasonal advance had affected 
the several species differently, it is questionable whether the spring data, 
or the changes throughout the season, have any great value in our 
present comparisons. 
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On the other hand, if the sap densities in the fall may be taken as 
indicative of conditions existing during most of the season, certain strik- 
ing facts are in evidence. It has been mentioned that the abundant 
moisture supplied the trees in the spring, and the relatively dry condition 
later on, may have induced the production of a great deal of new tissue 
which the trees were not, later on, able to supply with adequate building 
material. This would seem most markedly the case with all the lodge- 
poles and with the Tusayan yellow pine whose growth was so vigorous. 
It is believed, therefore, that the evidence is fairly convincing that in 
1920 either the moisture was not sufficiently available to permit effective 
photosynthesis in some of the species or that the sunlight and tempera- 
tures were below par in effectiveness. Possibly it is a combination of 
these things which left sap densities very low at the end of the season. 
Still, in comparing the absolute values with those of 1917, it should be 
remembered the earlier values refer only to the tree tops. 

These sap densities are found to bear a broad relationship to the water 
requirements of the several species, though this is not so well defined as 
in 1917, probably because of the seasonal changes in water supply and 
the less favorable light conditions. Comparing the mean post-season 
sap densities with the transpiration per unit of leaf exposure, however, 
and again omitting the questionable limber pine, we have the data in 
Table XV, which have already been illustrated in figure 4. 


TABLE XV.—Transpiration and sap densities in 1920 











Transpiration con . 
Species. per square | Season sap 
leaf exposure. density. 
F Gm. Per cent. 
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BRED seid ce sonabod ae vip able wcwues Heo hadens> wentes 4 63 14. 20 











It is again evident in the 1920 results that the effectiveness of sunlight 
in producing evaporation from leaves must be very considerably affected 
by the pests of the sap involved. If we were to balance the variations 
in one season against those in the other, it is readily seen that the rela- 
tionship would be almost perfect. To what extent these variations may 
be due to error in determining either sap density or leaf exposure must 
remain a question until a great deal more material has been examined. 
It does seem certain, however, that the relative positions of the species, 
in regard to either sap density or transpiration rate, are by no means 
constant. The best that can be done at present is to accept average 
values for each species, as has been already done in considering the 
transpiration independently. The explanations, already made, of 
variations in growth in the two seasons should be considered in con- 
nection with the variations in sap density. 
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STABILITY OF SAP DENSITIES 


It has already been indicated that the sap density of a given species 
is by no means constant. In order that progress may be made in the 
use of the sap density measure, or the osmotic pressure determination, 
as an indicator of the relations between plant and environment, it is 
extremely important to realize (1) that the tree may pass annually 
through a definite cycle of changes and (2) that the current sap density 
may be quite largely influenced by current atmospheric conditions as 
well as water supply. If the tree were always able to supply as much 
water as was demanded by the losses at its leaves, then only a cyclic 
change would be apparent, dependent on cell division and photo- 
synthesis, or primarily on temperature and light conditions. It might 
be said, therefore, that the species which shows the least fluctuation 
with current atmospheric conditions is the one best able to supply any 
demand for water, and it would seem that this species would best endure 
a long drought in the soil. 

As to the cyclic change in sap density, it would seem that the following 
describe the general conditions of the seasons which bring it about: 

1. In the spring we have rising temperatures and increasing duration 

and intensity of sunlight, which alone would increase the osmotic pressure 
in favor of the plant as against the soil. Coupled with this there is 
usually an abundant supply of moisture in the soil immediately after 
its thawing, often augmented by the melting of large masses of snow 
and by heavy rains. These conditions cause a heavy inrush of water 
and, because the atmospheric demands are at this season very moder- 
ate, an extreme turgescence of the tissues already formed becomes not 
only possible but unavoidable. It is believed this turgescence is the 
foundation for cell expansion and division, from which the new tissues 
arise. 
2. With the advance of spring and advent of summer the moisture 
supply of the soil is usually much reduced, but even if this were not the 
case the formation of new tissues might be checked because of the very 
great increase in transpiration, due both to greater atmospheric demands 
and water losses from the new succulent tissues already formed. In 
the conifers, outward evidences of growth usually disappear abruptly 
early in the summer. ‘The period of warmest weather, then, is not one 
for the formation of new tissues, but for the creation of the materials 
with which those already formed may be built up and solidified. Fruit- 
ing, of course, also demands some of these materials. The sap density 
should, therefore, increase from the moment that cell division becomes 
negligible. 

3. The autumn season in temperate climates is almost universally the 
least favorable as regards current precipitation, and at this season the 
soil water is most likely to have been completely exhausted. For this 
reason the amount that can be supplied is often inadequate for all the 
transpiring members, and we witness the drying and falling of all decidu- 
ous leaves and of the oldest ones on the evergreens. Unless the water 
supply in the leaves becomes so low as to prevent the chemical processes, 
photosynthesis in the evergreens is not checked, and sap densities may be 
expected to reach their highest points, partly because the actual amount 
of water present is less than at any other season. 

4. While under some circumstances the winter season may be one of 
almost complete dormancy,fwith photosynthesis stopped by low temper- 
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atures and little light and the movement of water stopped by freezing 
of the soil, such a condition does not describe the winters of the region 
in which we are particularly interested in this study. Here the winter 
days are often warm and bright enough to permit possibly some photo- 
synthesis in the evergreens and certainly very considerable transpiration. 
Such days may be followed by severe cold of sufficient duration to freeze 
the tree and the soil to a depth of 1 or 2 feet. These cold waves are not 
uncommonly followed by warm winds which immediately thaw the foli- 
age and may make great demands on its moisture before the tree stems 
and the soil thaw out enough to provide a new supply. Thus, in extreme 
cases great injury may be done, and in the usual weather cycles the tree 
is subjected to very marked changes in water supply and in the sap 
density of its foliage. At this season the sap density, it will be readily 
seen, may depend very greatly on the exposure of the tree, since the 
primary factor in drying is wind. A tree growing in a dense stand with 
a northern exposure passes through much more moderate changes than 
one in an open stand where both sunshine and wind may have full effect. 


Sap Density in Period of Vernation 


We have already pointed out, in connection with Table XIV, the pos- 
sible bearing of different responses to temperature on the comparative 
sap densities in the spring of 1920. In Table XV are given additional 
data which, with the explanatory notes, make a very clear case. It is 
not surprising to find that a control test made with nursery material 
collected June 1, 1918, when growth of most species had begun, shows 
complete disarrangement of the December, 1917, values. 

The material was collected as before, complete aerial portions being 
taken. These were placed immediately in stoppered bottles and were 
exposed each to the others’ vapor until June 18, in order that from the 
losses or absorptions some idea as to relative osmotic pressures might 
be gained. The exposure was not long enough to give more than an 
indication. After this period the material was dried in the bottles, 
then leached and redried. Spruce specimens were inadvertently omitted 
from this collection. 


TABLE XVI.—Sap densities of nursery specimens at beginning of growing season, 1918 








(tops only) 
—> 
Num- ~ a 
: A ~ 
Species. Age. ber of — Fated S 
transters. 

, q Years. Per cent. Per cent. 
Limber pine. .........:eeeeeeceeesereevenes 7 2| 15.5441. 37 0. 978 
oo one. 4 nahis ¢ meet ERG Let recut ed 2-6 2] 15. 1040. 55 . 998 
Bristlecone pine @...............eseeeeeeees 7 I} 20.37 . 98¢ 
TUGROBONS PINE. 55). 6010 EEE ee bea lee 4 2] 12.22+0.53 - 979 
Douglas fir... ......sccesedesesescsecveseess 6 2| 16.9140. 41 . 969 
I ON Oi ani os neh eid ohintin debe bide « 4 2| 10.610. 98 -972 
Western white pine 2...................000- 3 1} 20.33 I. O14 
ME cc acer tc hesspanenerteerects 3 r| 13.48 - 984 
Aspen (new leaves)... 6... ccc cee cece sees ° r| 14.18 I. O12 

















@ Buds not yet opened. 
> One specimen with and the other without roots. The former showed the lower density. 
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The data indicate that the beginning of new growth had permitted the 
essential equalizing of sap densities, except with bristlecone pine and 
western white pine. It is difficult to see why the density for bristlecone 
pine should have remained high without giving it, apparently, a high 
osmotic pressure. The very thin sap of Siberian larch is accounted for 
by the advancement of its growth, which always begins earlier than 
that of any of the native species. 


TABLE XVII.—Sap density of trees in natural habitats after drying weather, December, 
































30, 31, 1918 
Species. Site where collected. Sap density. 
cg ; | Per cent 

SOR SOND: 5. 5's.6.r00 Spc tin sine 4a oho | 2 southwest slope............ 28. 67 
| 6 northwest slope............ 29. 86 
6 northwest slope. ........... 26. 42 
BO TUN os hatis 45sec es lesantas 27. 08 
hn se a ee 28. 39 

‘nth Serer 28. 08-0. 45 
WONG 6p sash e990 Srey 8a cages 2 southwest slope............] 925. 64 
2 southwest slope............] 29. 52 
6 northwest slope............ 27. 46 
MCA AEPE! Kio. Onda ds 25. 30 
RO TIARO iiss. si o'sioth t+ barge «hd. 25. 84 

PES atin og sg Chew otter es 26. 7540. 59 
Lodgepole pine: ....5.06. 0 Teeth Ope. iii. Bey 27.24 
SPIRE ore acerie lesguden veravas 27. 61 

Pre aityssccskaciey os 27. 4240. 16 
Douglas fr! 0. iio, ok el Oe] eo epmthovest eloperitigiicicae. ov 27. 35 
GREE ES fi vicin so wizide 0543 26. 40 
EWE wonvands +¥+ dua holinatties 28. 10 
GPE GES cc iveres ev omens 24. 44 

Di ides ss ssnniens etinaes | 26. 57+0. 56 
Engelmann spruce...............+. gmortheast slope............. 24. 38 
PEE. cv 66s obese seuL ees 22. 78 
EES. Sie bins Ge sekewa ceeee 22. 16 

xn geasecns Me once ae0 | 23. 110. 51 





@ On the morning of Feb. 23, 1918, corresponding specimens showed 21.05 per cent and 25.12 per cent, 
respectively, for these two trees. The specimen of lower sap density in each case was from a young, vigor- 
ous tree; that of higher density from a low limb of an old tree badly infested with mistletoe. 


On the whole, while the determinations of osmotic pressure are not 
complete, it is indicated that they were essentially the same when the sap 
densities were nearly the same. We may, therefore, feel safe in assuming 
that for other conditions relative osmotic pressures will be about pro- 
portionate to sap densities, which might not be the case if the solutes of 
different species were materially different in composition and molecular 
weights. A boiling-point test made with accumulated solutes from all 
the species shows that an osmotic pressure of about 19 atmospheres may 
be expected when the sap density is 20 per cent. Freezing-point deter- 
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minations have also shown that with all of our conifers a sap density of 
1 per cent is approximately equivalent to 1 atmosphere of osmotic pres- 
sure, this relation holding at least up to 20 percent. Such tests have not, 
as yet, been sufficient to bring out any consistent differences i in the saps 
of different species. 


Winter Sap Densities in Natural Habitats 


Attention may now be turned to determinations of the sap density of 
trees growing in their natural habitats, as made at the end of December, 
1917. The foliage specimens were collected on the afternoons of 
December 30 and 31, both days being warm and the soil not yet frozen 
in any instance at a depth of afoot. The preceding week had been warm 
and dry, with a high evaporation rate for that season. Hence it may be 
expected that the results will show the influences of different exposures. 

All material was from limbs at a height of about 4% feet above the 
ground. 

In this, as in all the following cases where only foliage is sampled, the 
outer half or two-thirds of the needles was clipped off with shears in 
sections about one-half inch long. This material was leached before 
drying and was otherwise treated as the ground pulps had been. 

When these results are compared with those obtained from nursery 
stock on December 3 (fig. 3), it is seen that a very great but regular 
difference in the value exists. The average sap density of limber pine 
has increased 8 per cent, of yellow pine 5 per cent, of lodgepole 4 per 
cent; that of Douglas fir has decreased 1 per cent and that of spruce 6 
per cent. These changes form almost a straight line when plotted with 
the original sap densities as abscissae. 

This shows that sap densities in a given species are subject to great 
variations, but it does not mean that they have no significance. The 
differences between these field specimens and the nursery trees growing 
under uniform conditions reflect the fact that the pines had lately been 
subjected to the strongest drying influences, while the fir in part, and 
spruce wholly, had recently been protected from any severe drying. 
Also, owing to the protection afforded the latter species at all times, they 
had probably never had the benefit of full light and, therefore, may not 
have accumulated as large a supply of carbohydrates as the pines growing 
in the open. 

To assume from this that spruce or fir is not subjected in the field to 
drying stresses equal to those experienced by the pines, or that the 
former would not tolerate great stresses as well as the latter, is altogether 
erroneous. These tests were made before the soil was frozen and before 
the winter exposure had had opportunity to bring about any degree of 
equilibrium between different sites. It is greatly to be regretted that 
this series of specimens could not have been duplicated late in the winter. 


Winter Sap Densities Near Timber Line 


On the other hand, specimens collected at high elevations, on January 
I, 1918, only a day or two later, tell a very different story, for here the 
soil was already deeply frozen, and the exposure to evaporation had been 
very severe for the preceding six days. 

These results and others which show changes with season, weather, 
and soil conditions are given in Table XVIII. 
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TABLE XVIII.—Sap densities in exposed situations, at high elevations, 1918 





























Sap densities. 
Species. Location. rms 

Jan. 1. Feb. 6. May 7. May 28. 

Per cent. | Percent. | Percent. | Per cent. 
Engelmann spruce. .| Station F-16......... 437. 30 31.29 | 433. 60 22. 16 
Bristlecone pine.....|..... ee oe eae 30. 75 28.68 | 19.71 20. 84 
Limber pine.......} Station F-13......... 31. 00 94) 00!). ita. wevinsbeve-aenes 
Bristlecone pine.....| Cabin Creek.......... 30. 56 30.37 | 421.70 21. 50 
Engelmann spruce. .} Gulch near F-z3...... ty Peay BOON teius sees 9. 02 
pap ee Piths- Mise ic rnc: soe edie unrest EWS Tost vtawr 20, 62 
Ldddber pine... .: | Cobies Oneetes 580... foci. is de Pelceda oa don ge ceede 21. 07 
Engelmann spruce. .| Cabin Creek, edge of |.........J.......00]eceeeeeee 24. 51 

water. 





@ Similar specimen obtained Jan. 15, 1921, from a very exposed site showed 33.5 atmospheres of osmotic 
pressure by freezing-point method with 27.7 per cent sap density. 

> Twigs from which needles were clipped showed at same time 19.95 per cent. 

¢ Twigs from which needles were clipped showed at same time 15.84 per cent. 

@ Twigs from which needles were clipped showed at same time 15.19 per cent, 


At Station F-16 there is at all times a contrast between the spruce 
and bristlecone pine specimens, until May 18, when thawing had become 
general. This is probably not altogether a specific difference but is 
due in part to the fact that the spruce was located in a hollow which 
collected snow and did not permit even temporary thawing of the soil 
until very late, while the bristlecone was on high ground only a few feet 
distant, from which the snow is usually swept away, and which might, 
therefore, thaw in a brief period. 

It may be a very significant fact that although the soil temperatures 
at Station F-16 on February 6 were 21.5° F. at 1 foot, and 23.6° at 4 feet 
(as against 27.0° and 30.5° on January 1), and although there had prob- 
ably been no thawing whatever during January, the sap densities of both 
spruce and bristlecone pine decreased during the month. The evapora- 
tion rate from February 1 to 6 was only about one-fifth as great as from 
December 26 to January 1, meaning, of course, much less current desic- 
cation in the later period. But it is also indicated that at some time 
between January 1 and February 6 the leaves must have obtained mois- 
ture from some source. This might have been by transfer from the 
stems, if thawing of aerial parts occurred; but there is no apparent reason 
why the leaves should not have taken up vapor from the atmosphere 
during periods when the vapor of the atmosphere was practically sat- 
urated. The possibilities vf such absorption, as a relief for winter 
drought conditions, are too important to be overlooked. 

The material collected May 7 showed in all cases much lower sap den- 
sity in the twigs than in the more exposed half of the needles, the latter 
being selected because logically subject to the greatest drying. ‘This 
indicates that small variations in the results may be expected from 
clipping slightly more or less than half of the needles. 

All specimens showed a decided drop in densities on May 7, by which 
time there was a great deal of surface thawing, except, as explained, 
around the roots of the spruce at Station F-16. This tree responded 
in the next period. 

The spruce and alpine fir obtained from a protected stand in a gulch 
near F-13 both on February 6 and May 18 show plainly the advantages 
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of protection. The high density of the last spruce in the test, on May 18, 
— is difficult to explain, in view of the exposure on a southwesterly bank 
and the apparent abundance of moisture. This may be due, however, 
Bie both to the full exposure of the tree to light and to a possible high degree 


8. of nonavailability of the moisture as a result of acidity and lack of 
= aeration. 

nt. Summarizing, it is evident that the sap density of any species or indi- 
+. vidual is not a stable quality but varies according to the amount of 
_ photosynthesis which is permitted and according to current conditions 
50 affecting water supply and transpiration. Nevertheless, there is found 
3 in these data no reason for changing the original conclusion that, given 
, 02 


equal opportunities and exposures, the sap density of spruce will be 
higher than that of any of the other species; that spruce will tolerate a 
very great loss of moisture, and a resultant high sap density in the 
needles, without injury; and that it can, therefore, be said that spruce 
otic is not only better equipped to resist transpiration, other things being 
equal, but that the ability to resist transpiration and its possibly injurious 
effects makes spruce in reality the least moisture-demanding of all of 
the Central Rocky Mountain trees. 

These conclusions, however tentative, must at least develop a wariness 
to accept average or temporary moisture conditions of the site as prima 
facie evidence of the relative moisture requirements of the species occu- 
ch pying it. 
oil On the other hand, we have as yet no evidence that spruce is more 
et drought-resistant than other species or that the sap density and the speci- 
at, fic qualities that affect it react upon distribution through the water re- 

quirements. All that we have so far been able to show is that low sap 
density permits a species to occupy warm sites where the exposure is 


ice 
ne 


on very great most of the time, while high sap density appears to hold the 
b. species to cool sites, where the winter drought may be severe, especially 
th at high altitudes. 
“~ WILTING COEFFICIENTS FOR DIFFERENT SOILS AND SPECIES 
ic- If it could be shown that one species is capable of extracting the mois- 
ne ture of the soil to a lower point than other species before wilting or other 
1 injury to the plant was apparent, this would constitute direct evidence 
he that the first species not only was less likely to experience fatal drought 
on conditions but also was capable of sustaining higher internal osmotic 
re pressures without injury to the protoplasm. When wilting occurs, if 
t- the condition has been approached gradually, it may be assumed that the 
er osmotic pressure in the plant is essentially the same as in the soil, and the 
latter, of course, increases as the moisture content decreases and the con- 
n- centration of the soil solution increases. 


er It has already been indicated in connection with transpiration in 1920 
IS that spruce appeared to be able, under all conditions, to obtain the 
m water required for free transpiration more nearly than any of the pines 
or Douglas fir. A similar test with the moisture gradually reduced to 
‘h complete nonavailability would, perhaps, be preferable to wilting tests, 
d, which must be conducted with seedlings in order that the end-point 
od may be observed ocularly. It is fairly evident that the seedlings may not 
show development of the internal characters which are important in this 
‘h connection to the same extent as older trees. However, it can not be 
es gainsaid that it is the seedlings which are subjected to the greatest dan- 


30616—23-——-4 
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gers, and it is their performance, rather than that of older trees, which 
determines the composition of forest types. 

Although only a few wilting tests have been made in which the several 
species have been observed growing in the same soil, a considerable amount 
of information has been obtained on each species in a variety of soils; 
and by reference to the physical properties of these soils we may obtain 
fairly satisfactory comparisons. In each case, the species used was that 
one which occupied the given soil or predominated in the type in the 
field. 


PROCEDURE 


In general the intention has been to secure the wilting coefficient for 
the soil as found in the field—that is, with the normal admixture of 
rocks and gravel, since the saturation and capillary capacities and other 
physical measurements were on this basis. In this respect mountain 
soils present difficulties ordinarily not met with in agricultural work. 

To attain this end it is not sufficient to sample the soil for moisture 
content after the seedlings have wilted. The mositure content must be 
determined for a mass of soil large enough to represent normal pro- 
portions of rock and finer material. 

Pans about ro inches square were used in the earliest tests, the soil 
being in a layer from 1 to 1% inches deep. These were sometimes 
found to be too shallow to accommodate the rocks which should be in- 
cluded; consequently a standard round pan was specially made, having 
a diameter of 7 inches, a depth of 3 inches, a soil depth of 214 inches, and 
an ordinary soil weight of about 4 pounds. A few holes were punched 
in the bottom of each pan to prevent excessive wetness and to aid aeration, 
it being the belief that with the pans on a bench the evaporation rate 
through these small holes could never be an important factor. In fact, 
though the soil surfaces have usually been paraffined, it has never been 
‘attempted to make the coatings air-tight, since the object is not to 
prevent water loss from the soils but to insure that when wilting occurs 
the moisture distribution throughout the soil shall be fairly uniform. 

The vegetation has been secured by sowing seeds of the desired species 
in the pan of soil, watering these moderately, and permitting the seed- 
lings to develop for about a month before coating the pans and cutting 
off the moisture supply. Beyond the age of a month the seedlings may 
rapidly lignify, so that the wilting does not occur promptly or is very 
difficult to detect. This is true of Douglas fir seedlings at any age. It 
is, of course, realized that seedlings of this age may not exercise the same 
control over moisture as would older trees. 

The soil sample is placed in the pan in an air-dry condition and is 
oven-dried to determine its net weight. This practice may have had 
some effect on the colloids but is fully justified by the assurance it gives 
that micro-organisms will be eliminated and will not cause the untimely 
death of the seedlings. However, as mountain soils are rarely strong 
in clay, as the samples have always been air-dried first, and as the oven 
temperature has been only 92° C., it is thought any change in soil quali- 
ties may virtually be ignored. 

After drying, a cupful of soil is taken from the pan, a weighed lot of 
seeds is strewn over the smooth surface of the remaining soil, and the 
cupful is then used to cover the seeds. 

The moisture applied to induce germination and development of the 
seedlings has usually been left wholly to judgment, the intention being 
to give all that can be used and never to permit the surface to become dry. 
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The SBN wis have been developed with abundant sunlight, in the 

greenhouse, avoiding excessive temperatures as far as possible. To 
aa a satisfactory test each pan should develop at least 100 seedlings. 

When the final weight of a pan is secured, with the seedlings wilted, 
deductions are made for the known weight of paraffin applied, as also for 
the weight of the seed used, which is assumed to be the same as that of 
the wilted seedlings and the loose hulls. This weight could generally be 
ignored without affecting the result appreciably, for the moisture content 
is usually 60 or 80 gm., as against 1 to 5 gm. for the seed of any species 
except yellow pine. 

DIRECT COMPARISONS OF THE SPECIES 

Not until 1920 was it possible to conduct special tests with two or 
more species in the same soil. The most comprehensive test, and there- 
fore the least likely to be misleading, was conducted from April to Sep- 
tember, 1920. In this case the soils were not sterilized by oven-drying, 
and considerable damping off of the seedlings occurred, which may be 
confused with legitimate wilting in the early stages. The pans were 
watered and weighed daily, and the losses of seedlings were recorded, 
so that it is possible to consider the losses at any stage. Because of the 
damping off, and also to make these results more comparable with those 
in which but one wilting period was recorded—that is, the time when 
practically the entire number collapsed—it seems best to consider in all 
these more recent tests the mean wilting point for the last 25 per cent of 
the total number of seedlings observed. Not infrequently the weakest 
seedlings die with twice as much water available as is required to sustain 
the strongest. 

In this particular test the moisture equivalents of the five soils were 
determined first, under a force of 100 gravity; and, assuming that these 
quantities were indicative of the same degree of availability in each soil, 
the watering in each case was so gauged as to maintain this moisture 
equivalent. It may be remarked that this quantity was very favorable 
for germination and establishment. Later the water content of each 
pan was reduced to two-thirds of the moisture equivalent, finally to one- 
third, and from that point downward by 5 gm. stages. ‘This is important 
because other tests indicate that the drought which a seedling will 
tolerate depends much on the moisture to which it has becomeaccustomed. 

The soils in this case were not paraffined, but some water was given 
almost every day in order to eliminate, so far as possible, extreme drying- 
out of the surface. It is significant that, perhaps on this account, the 
wilting coefficients are relatively lower than usual. 

The results of this test, which have already been given in the research 
manual (4, pt. 1) to illustrate the relation between wilting coefficient and 
moisture equivalent, are given in slightly different form in Table XIX. 

We shall not discuss the rather variable relations of these wilting 
coefficients to the physical measures of moisture-holding properties of 
the soils. Suffice it to say that other evidence points to the fact that the 
several wilting coefficients represent an osmotic constant in the different 
soils, while either the capillary moisture or moisture equivalents fall 


considerably short of this. This relationship will be discussed in connec- 


tion with the field-moisture problem. The physical measures of soil 
moisture bear only a general relation to wilting coefficients and must 
be used with this understanding.° 





§ The reader is urged to note the discussion of this by Bates and Zon (4) where it is made plain that a 
concent bene between wilting coefficient and moisture equivalent is impossible if a wide variety of soil 
'ypes is considered. 
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The important thing shown by Table XIX is that the wilting co- 
efficients of yellow pine, Douglas fir, and Engelmann spruce are essentially 
the same in all the soils, while that for lodgepole pine is much higher. 
There is, moreover, no evident reason for the fact that in some of the 
soils (sandstone and prairie shale) the wilting coefficient for spruce is 
lower than for either pine or Douglas fir. We must, at least at this stage, 
regard these variations as accidental.’ 

It will now be well worth while to determine whether, as between any 
two of these apparently equal species, a greater number of results brings 
out any difference. A very considerable amount of data has been secured 
on Douglas fir and spruce growing in the same soils. In introducing 
these data it is desirable to point out: 

1. That ocular observations on wilting, especially when the moisture 
supply is steadily declining, tend. to favor Douglas fir, because that 
species has a much stronger and more fibrous stem and rarely collapses, 
The evidence of wilting is, therefore, much less plain than in the frail 
spruce seedling, and, it seems likely, may not be obtained until a day or 
two after the fatal condition has first existed. 


Flemcanal XIX, nrikelene coeficients of the a Some amberiant species in 5 types of soil 


Mean wilting coefficients, best 25 per cent of the 





seedlings. 
. Moisture 
Kind of soil. or equivalent 
a. Yellow | Lodgepole| Douglas 4 Average 
¥ pine. pine. fir. spruce, | o four. 





Granitic gravel sandy | Per cent. | Per cent. | Per cent. | Per cent. | Per cent. | Per cent. | Per cent. 























oes FFE NS 26. §8 | 10. 55 2. 28 2. 42 2. 16 2. 26 2, 28 
Composite limestone 
MIDIS sp: aiebs cies | 31.85 | 22.00 3- 23 4. 12 3. 56 3. 50 3. 60 
Composite sandstone | | 
Mr cass a etc ec BS Hee 4. 10 5. 29 4. 30 3. 93 4. 40 
Prairie silt loam from | 
Shale...............) 37:77| 2879 7. 80 8. 69 7.79 7. 43 7. 93 
Composite lava silt | 
RE a il resi esaus oni 43-16 | 27.80 4. 52 6. 00 4:97 4. 87 5. 09 
Average....... eS $4 gee £2 | 4.39 5. 30 4. 56 4. 40 | 4. 66 





2. Th hat in the igs stages of (depebpiceist Douglas fir roots more 
strongly than spruce and its roots reach a greater soil area, but 
particularly in these pan tests they reach the deepest layer of soil 
which may not be drawn on at all by the spruce if the wilting is accom- 
plished at an early age. (See Plate 7, B.) 

3. Therefore, in these tests it is evident that if spruce seedlings tolerate 
as great a degree of drought as fir, the moisture being known only through 
the whole pan weight, it must be through greater ability to extract water 
from the soil. 

From Table XX it will be evident that the wilting coefficient for spruce 
is, on the whole, higher than that for Douglas fir. The difference is only 
about 3 per cent of the value for fir. Of the 23 cases cited, only 6 give 
spruce a lower value than fir, and 5 of these 6 are among the loose gravels 





1 Since the aevegsions statement was written very convincing results have become available showing the 
different effects of each of these soils in stimulating the growth of each species, both according to chemical 
composition of the soil and the p someentaation of its solution. It can hardly be questioned that this has a 

bearing on the behavior of the seedlings as the wilting point is approached, and in fact that this entire 
problem is quite as much one of chemical relations as of the physical relations which have been discussed in 
this paper. It is hoped that something may be published on this chemical phase in the near future. 
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or sands of granitic origin, while only 1 is found in the more loamy soils. 
This is at least suggestive that in the soils of freer capillary movement 
the very meager root system of spruce is not so great a disadvantage. 
From these facts we certainly can not draw the conclusion that in the 
osmotic sense spruce has any less control over soil moisture than fir. 


INDIRECT COMPARISONS OF THE SPECIES 


A very considerable amount of information has been secured in the 
somewhat routine process of determining the wilting coefficients for a 
large number of soils of almost every possible origin in connection with 
nearly every study in which soil quality or soil moisture has been an 
important factor. For the most part the wilting coefficients have been 
determined for each soil only with respect to one species, that one being 
the species which characterized the soil or site in the field. It is obviously 
necessary, before these results may be used for a comparison of the species, 
that each result should be related to some other measure of the moisture- 
holding properties of the soils, and the best measure at present available 
for any considerable number of the soils is the moisture equivalent at 100 
gravity. As we have seen in Table XX, however, even this does not bear 
a constant relation to wilting coefficients, when radically different types 
of soil are considered. Particularly does it seem that the coarse-grained 
granitic soils of the Pikes Peak region, which we have studied more than 
any other, have an unusually weak hold on the water until the amount 
is brought close to the wilting coefficient, so that the moisture equivalents 
of these soils are relatively low. 


TABLE XX.—Comparative wilting coefficients of spruce and Douglas fir in the 

















same soils 
Ratio of wilting 
| Wilting coefficient. coefficient to moisture 
Kind of soil. duavdian equivalent. 
Fir. Spruce. Fir. | Spruce 
Per cent. | Per cent. | Percent. | 
Granitic gravels over 50 per cent 3+ 53 | I. 30 1.39 | 0368 | 0.394 
rocks and coarse gravel, less than 4 35 | 1. 73 I. 94 - 398 . 446 
20 per cent silt and clay. 4. 86 2. 05 2. 03 +422 | . 418 
5. 03 | 197 1. 80 «3§2} gee 
5. 04 | 2.14 2.23 | .424 | . 442 
5. 06 2. 54 2.34) 50a | . 462 
5. 19 | 2. OI 1.87 | .387 | . 360 
557| 94] 4% 9t} .348 |  .307 
5. 62 | 2. 13 2. 61 | 1379-4 - 464 
Granitic sandy loam.............. 11. 05 | 2. 94 2.91 | .266 | . 263 
Granitic spruce soils, varying from 11. 68 | 2.72 2.88 | .233 | . 246 
rocky coarse sand to silt loam. 11.72 | 2. 53 2.79 | «216 . 238 
. 14. 45 3. 42 409 | .239 Fins | 283 
19. 95 64x] 644] .321 | .323 
20. 32 | 5. 60 | 5. 78 276 | . 284 
22. 02 | 5. 25 | 5. 61 . 238 -255 
26. 30 | 8. 34 8.17 | .317 | Baz 
29. 84 | 7.44 7.98 | .249 | . 268 
42.72 | 17.09 17.40 | .400 - 407 
‘ 73-50 | 17-53 18.56 | .238 . 253 
Quartz latite rocky sandy loams...| —_—11. 96 | 5. 13 5-20) .429 | - 435 
13. 98 | 6. 96 7.14 | .408 . §10 
14. 85 | 5.72 6.04 | . 385 - 407 
| | | 
Average ofall... 05.:...52. ected Siiapcaair Saas “ee | +3427 - 3537 
Pe eeeNG AES oA lives fewsswaewe esas ce Pere. |  , OLI0 


Probable error in mean difference.|........ 
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TABLE XXI.—Miscellaneous wilting coefficients. 
YELLOW PINE 
Ratio of 
wilting 
Sam- Moisture} Wilting | coeffi- 
ple | Station orforest.; Origin and character of soil. | equiva-| coeffi- | cient to | Conditions of test. 
No. lent. cient. |moisture 
equiva- 
lent. 
Per cent.|Per cent. 
326 | Nebraska...... Aeolian ridge sand............. 3-72 ©. 54 0.145 | Without paraffin, 
ON Ne Aeolian bottom very fine sand..| 12. 36 2.51 + 203 Do. 
70 | Fremont F-2...' Granite gravel 5. 41 1. 16 +214 
0 * 5-91 2. 63 +445 
5. 86 2. 67 +456 
9: 29 3-67 | «395 
5-20 I. 79 +344 
4: 69 1. 28 | +273 
3.70 1. 43 | + 387 
6. 73 2. 44 | + 363 
5-24 2.65 | + 506 
4-48 1. 85 +413 
5. 87 1.99 | «339 
4-62 1.97 | +427 | 
8.91 2. 36 | 265 | Do. 
6. 6r 1.53 | +232 | Do. 
6. 76 1. 68 | +249 Do. 
30. 55 15-33 | + 502 | Do. 
16. 02 2. 58 | +161 Do. 
| 22.30 6. 41 | - 287 Do. 
19. 06 6. 26 | +328 Do. 
122 Cotuade er Sandstone fine sandy loam..... | 16. 96 9-97 | +587 
127 | Wagon wheel | Quartz latiteloam.............| 2195 3977 | +392 
Gap. } } 
a. Se Volcanic ash, etc............... | 28.23 12.57 | +445 Do. 
eh eee lv s5xavanh Silt loam ; .89 | «342 Do. 
ee eee ° a RPE ‘ pea weituyvehmankeenayehs e j 10. 14 | 342 Do. 
me Eee OS RET re ey ee te 27.27 10. 40 | + 382 Do. 
632 | Wagon wheel Quartz latite sandy loam....... 18. 43 7- 50 | + 407 
Gap. | 
Fremont....... Granitic sandy loam........... 10. 42 4-09 | +392 
LODGEPOLE PINE 
I | Arapaho....... CE sone nas y baceno's ox 17. 03 7.34 0. 431 
Le: MSC eh based Granitic sandy loam........... II. 32 3-02 +267 
3 ae tb ba dannes ener 4: fine sandy loam. . 16. 75 3-50 +209 
ei ilvvuve eee ee. ee oe eee 7. 63 2.75 +360 
3 MD iuads wakes Granitic coarse sand........... 7.75 5.70 + 736 
Ss ae : er Transported fine sandy loam...| 13. 65 2.96 217 
262 eer “se Bow..| Gneiss coarse sand............. 13-45 472 . 351 | Without paraffin. 
16. 25 3- 65 224 Do. 
11. 62 2.99 257 Do. 
7.62 - 76 100 Do. 
12.90 4-69 364 
13. 78 5-22 379 
14. 75 475 +322 
13- 76 5- 61 + 408 
60D |osace Ree Gneiss Ae: Poe 10. 22 4.00 +399 
127 | | —_— wheel | Quartz latite loam............. 21.95 4:41 201 
71 | | Leadville eee Sandstone silt loam............ 21.34 1.90 - 089 Do. 
RRS: RS 3555.04 Sandstone fine sandy loam..... 12. 35 2.52 +204 
57 |’ Fremont F-1o0..| Granitic sandy loam........... 9. 27 3°55 +383 
48 | CONTIG, 6 00. 5 he spay GB. sc vdodbhedoncecsscpdeads 10. 39 3°34 322 
DOUGLAS FIR 
8| Arapaho....... Igneous fine sandy loam,...... 13. 31 4-12 0. 309 
66 | Fremont F-1...| Granite gravel................. 4:29 2.31 «538 
eS o's ap toe toe ie «bs dhdee sch vusacbat heres 3- 60 +93 +258 
» guide 4:34 - 76 +175 
Granite sand. . 8. 25 2.13 -258 
Granite gravel. at hn wan iat GE 4:71 1. 26 + 268 
TH hae eA Gabe? was 4:94 1.24 - 25 
18 tecmnank Se Ee es ems ey 5.03 - 96 +19 
127 | Wagon Wheel Quartz latite 1ORM...... 206000. 21.95 5.11 . 233 | Without paraffin. 
Gap. 
Medicine Bow.. 12. 90 4.04 +313 
d 13. 78 4-88 +354 
14-75 444 +301 
13. 76 5.50 + 400 
10. 22 3. 76 + 368 
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TABLE XXI.—Miscellaneous wilting coefficients—Continued 


ENGELMANN SPRUCE 

















Ratio of 
wilting 
Sam- Moisture} Wilting | coeffi- | 
ple | Station or forest.| Origin and character of soil. | equiva-| coeffi- | cient to | Conditions of test. 
No. lent. cient. | moisture} 
equiva- | 
lent. | 
74 | Fremont F-3...| Granitic gravel................. 7.87 1. 54 o. 196 | Without paraffin. 
White. Mes Jordvesioanes Mis bcchundneneheneeeeel 6. 53 I. 51 +231 | Do. 
5 er SRR ae Ra SOR A rte 3-99 I. §0 + 364 | Do. 
 ) cinddnddalbas es Sis sugeskhads nenddcls od 3-99 1. 40 -351 | With paraffin. 
3s | Fremont F-s...|..... IA, ep Ts ae 6.74 2. 12 -315 | Without paraffin 
Me isdkad > EAS Gosecdeaes NS SES rs A ee 7. 62 2. 64 - 347 | Do. 
ee a ee er Minding s Mas bils Ce dy ote tel 6. 68 1.98 +297 | Do. 
110 Winn "Wheel Quartz latite sandy loam....... 20. 50 7. 56 + 369 | 
ap | 
p } eae o Seale eee odka tes Sl sepcxcusetessccerananess 17. 38 3-59 +207 
ee Pe Se Sls + cowebydeeds gaatandeces 17.72 414 +234 
632 ware, Wheel |..... Bs dai revdbeethved sa0s os 18. 43 6. 93 +376 
Gap A-t. 
Fremont...... Granitic sandy loam........... 10. 42 3:73 -358 
6| Arapaho....... Transported fine sandy loam... 13. 65 3-22 . 236 
243 | Leadville...... Goremnttie 1OBM. 65... cadcvcceves 45- 40 7. 60 - 168 Do. 
231 ees. . pt ea ree Oe 30. 16 493 - 163 Do. 
O08 1 «d>% iis Wee « whte Giresaig Sa ae ee ar. 83 3-73 +171 Do. 
205 | Bighorn....... Granitic sandy loam. . 17. 40 2. 88 - 166 Do. 
206 |..... ss iis ds lbp obs MS. oc daihs odes cusbbas ace 13. 63 2.17 +159 Do. 
222 | Gunnison...... Limestone silt loam............ 28. 16 3-31 -118 Do. 
ar |..... GBA vcccese Limestone loam................ 22. 78 2. 69 +118 Do. 

















In Table XXI there are presented all the wilting coefficients which have 
not been given in the two preceding tables, and for which the correspond- 
ing moisture equivalents are available. On examining the data, how- 
ever, it is readily seen that in each group those tests which have been 
made without coating the soil with paraffin give much lower coefficients 
than those in which the soil was coated. This is as might be expected 
and, since the proportion of such tests is variable in the different groups, 
it seems best to discard all data obtained in this way. We then obtain 
the following averages: 








Mean ratio 
Num- Mean wilting co- 
Species. ber moisture | efficient to 

oftests. |} equivalent.| moisture 
equivalent. 

3 Per cent. 

MOM WE RPL, i aNe. Cade vdeddeeidaee cuepadades 16 8. 42 0. 3825 
EMR, DES A PLT. AR bia Bde WAC Rea Ee ol 15 12. 90 . 3468 
SE ahs. n thd aya <div hdr yaks he sme euasenadles cates 13 8. 76 - 3065 
NIN CONOR itis cc as Kinde sen phanrd Vuus sd ee dates 7 14. 58 . 3044 














When allowance has been made for the fact, which is evidenced by the 
mean moisture equivalents, that three-fourths of the usable data for 
yellow pine and half of that for Douglas fir were obtained with granitic 
gravel, or sand soils, although these soils do not much effect the other 
two groups, it is definitely decided that wilting coefficients are much lower 
for Douglas fir than for yellow pine, probably somewhat lower for yellow 
pine than for lodgepole, and certainly lower for Douglas fir than for 
spruce. 
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With this confirmatory evidence, no hesitancy need be felt in placing 
these four species in the following approximate relationships: 








Approxi- |} Approxi- 
mate mean |} mate mean 

ratio of | ratio of 

wilting co- wilting co- 
efficients to || efficients to 

Species. moisture | Species. moisture 

equiva- || equiva- 

lents on || lents on 

common | common 
basis of soil || basis of soil 

qualities. | qualities. 

| 

Lodgepole pine. ......../......- ©. 35 | Engelmann spruce............. ©. 32 
VRUOW DUMP. 60.00 64s 00 esses Be eS a eee eee + 3% 

















Certainly, from all the evidence available, the differences between the 
species are not any greater than here indicated. From all that we have 
found, it would probably be fair to say that in actual ability to stand 
drought, at least for the conditions existing in these pan tests, there is no 
essential difference between yellow pine, Engelmann spruce, and Douglas 
fir, the greater frailty and slow rooting of the spruce as compared with 
fir or pine being balanced by an actually stronger affinity of the spruce for 
any water within reach of its roots. On the other hand, lodgepole seems 
to stand out both as frail and slow-rooting, and with no compensating 
development of high sap density or osmotic pressure, so that it does 
succumb to drought much sooner than the others. In one test only, 
limber pine and bristlecone pine have shown themselves in practically 
the same class as yellow pine. 


RESISTANCE TO EXCESSIVE HEAT 


The sap densities observed in seedlings, and the relative rates of tran- 
spiration as apparently affected thereby, gave rise to the suggestion that 
there might be a specific difference in heat requirements based on this 
same set of internal conditions. While, on the one hand, the freely 
transpiring species of low sap density would seem to require a warm 
environment to counteract the cooling effect of this transpiration, on the 
other hand, the species of high sap density, which also seem to function 
more fully than others without full direct sunlight, appear to be always 
in danger of becoming overheated because, for some physical reason not 
fully explained, the heat absorbed is not so fully utilized in evaporation. 

One thing which the close observation of seedlings in the wilting tests 
has made very plain is that at an early age all seedlings are very sus- 
ceptible to injury just where the stems are in contact with the surface 
soil. At times it has seemed as though moisture absorbed by the roots 
might be extracted from the stems at this point, so blanched and shrunken 
do they become as soon as the surface of the soil becomes dry. On 
the other hand, it is perfectly evident that, as soon as the surface soil 
ceases to possess moisture to keep its temperature down, it may in sun- 
light easily become by far the warmest part of the environment. The 
measurement of the temperature at the warmest point is exceedingly 
difficult, but the showing of thermometers more or less submerged 
indicates that the soil surface not infrequently attains a temperature 
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of 160° F. It is, therefore, readily seen that in soils exposed to sun- 
light the injury resulting from drought at the surface may be indis- 
tinguishable from that due to superheating. Under ordinary circum- 
stances the two injurious conditions will be inseparable. 

The difficulty of determining the heat tolerance of seedlings at the 
point where they are commonly injured by heat is, because of the in- 
fluence of moisture, very great. We have not been able to conceive 
a test of heat tolerance in the normal sense, except through the employ- 
ment of sunlight or some other more powerful radiant energy. Every 
other possible plan of exposure to heat seems to have the objectionable 
result of injuring the foliage first, which rarely happens in nature, or 
of preventing normal evaporation with whatever protection that may 
afford. 

Therefore, the only test * that has been made to determine the 
relative tolerance of heat by forest-tree seedlings has been on this basis 
of obtaining as high temperatures as possible in sunlight, with the air 
to some extent artificially warmed. The actual temperatures attained 
were measured only so far as was possible by placing mercurial ther- 
mometers directly above the soil surface. The seedlings of each species 
were developed in several pans, each of which represented a different 
moisture content. Because of the fact that the largest amounts of 
soil moisture permitted almost no injury, the moisture contents were 
in several cases lowered before the test was completed, so that the 
record is considerably confused. From the data secured, however, the 
following conclusions, admittedly tentative, may be drawn: 

1. Injury to seedlings from excessive heat is plainly greatest when 
the seedlings are youngest. This introduces a complicating factor in 
the test,. because exposures to high temperatures were begun before 
germination was entirely completed and when, therefore, there was 
the most marked difference in ages. | Engelmann spruce ordinarily 
germinates most promptly and spontaneously. Consequently, while 
there was marked early damage to this species, the fact that there were 
few later germinations left the species then immune for some time. 
Lodgepole pine exhibits just the opposite characteristics and effects. 

2. Seedlings which survive a certain degree of exposure are not likely 
to be injured until the conditions become considerably more severe. 

3. The ease with which any species may be’ injured increases very 
markedly as the moisture content of the soil decreases. With the lowest 
content, 3 per cent, which in this soil was appreciably above the wilting 
coefficient, it may be questioned whether the injury was not due to 
drought almost wholly, since between waterings the wilting coefficient 
of the soil was reached... 

4. At all times the nature of the wilting was indistinguishable from 
that which occurs with simliar seedlings when no excessive heat is in- 
volved. Consequently, it appears that wilting may be due as much 
to inability to supply transpiration losses as to the direct effects of the 
temperatures, The fact that no wilting was secured with 14 per cent 
moisture appears to bear out this idea, yet it must be remembered that 
this free moisture may have greatly reduced the temperature extremes 
of the surface soil. The fact that temperatures recorded just above 
the soil were not in excess of 135° F. further suggests that wilting was 
the result of transpiration losses rather than a direct temperature effect 
on the protoplasm. 


® Credit for the conduct of this test should be given to Forest Asisstant J. Roeser, jr. 
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5. With this understanding of the situation we may say that in this 
test Engelmann spruce and lodgepole pine were most susceptible, while 
Douglas fir and yellow pine were about equally resistant. The factor 
which seems to control susceptibility is mainly structural rather than 
physiological—that is, it is the small mass of the spruce and lodgepole, 
and possibly their weak rooting, which causes them to stand out in 
contrast to yellow pine and Douglas fir under extreme drying conditions 
of relatively short duration. f 

This pairing of spruce with lodgepole suggests as strongly as do the 
high wilting coefficients for lodgepole the very poor ability of the latter 
to supply itself with water; but, in the light of the other facts secured, 
the same cause will not fully explain the behavior of spruce. It is 
believed it would be fairer in the case of spruce to say that high tem- 
peratures in direct sunlight create high internal temperatures and some 
direct heat injury. This hair-splitting distinction is necessary for the 
proper physiological interpretation which will agree with the other facts 
at hand. It may be added that the susceptibility of spruce to injury in 
sunlight has been very evident in many of the wilting coefficient tests. 


EVIDENCE OF WINTERKILLING 


Winterkilling of trees is generally recognized as the direct result of 
evaporation from the leaves or twigs at times when moisture can not be 
supplied to replace the loss, owing to a frozen condition of the soil. It is, 
of course, not confined to evergreen trees but may affect fruit trees, or 
even such hardy forest trees as honey locust, when devoid of foliage. 

The conditions for winterkilling are usually provided by a very rapid 
rise in air temperatures and by wind which facilitates evaporation. 
The soil, of course, warming more slowly than the air, may not free its 
moisture for many hours after the beginning of the unseasonable air 
conditions. Likewise, if the tree stems have been thoroughly frozen, 
they may not be able to transport water until a great loss from the 
leaves and small twigs has occurred. 

The conditions conducive to winterkilling are especially likely to be 
produced near the base of the Rockies from northern Colorado northward. 
The coniferous forests which are subject to this form of injury are there- 
fore the low-lying yellow pine forests of the Black Hills and eastern 
Montana. Here the Chinook, a warm wind occurring at a season when 
the normal temperatures are below freezing, attains its most typical 
development. 

A typical Chinook has not been noted within the locality of the present 
study. It has been shown, however, that in the Pikes Peak region the 
winds from January to March possess the powers of a modified Chinook. 
While they do not often bring extremely large rises in air temperatures, 
they are of high velocity, the air is dry, and the soils at all elevations, 
unless strongly isolated, are likely to be deeply frozen and remain so 
throughout the duration of the wind, which is often two or three days. 

The Pikes Peak region therefore presents a good opportunity for the 
study of the relative resistance of the several species to this form of 
drought, for the desiccating influence is not confined to the low zone 
where only yellow pine occurs. 

The present writer (2) has described in some detail the cumulative 
effects of winds occurring at the Fremont Station in January and March, 
1916. It was shown that on a south exposure where yellow pine, Douglas 
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fir, and limber pine grow in a mixed stand, Douglas fir at first showed a 
more pronounced discoloration, but later the injury to yellow pine was 
seen to be much more severe, as only this species was defoliated. This 
injury was always much more pronounced on the west (windward) side 
of a tree, but it varied with different specimens, partly because the 
ground is strewn with large boulders which deflect the wind and also 
reflect sunlight. While in no’case fatal (and even the general injury in 
the Black Hills in 1909 caused a very small percentage of deaths), this 
defoliation obviously must have a retarding effect on the growth of the 
whole tree. That the same kind of injury occurs at intervals of a few 
years, and that it hits ‘twice in the same spots,” seems to be indicated 
by the one-sided development of most of the trees which were injured 
in 1916 (see Pl. 7, A). Buds and branches were rarely injured in this 
case, and new foliage appeared almost as early as on unaffected trees 
or parts. 

In the nursery, where there was no snow to furnish protection during 
most of the winter, a better comparison of the species was possible be- 
cause of the uniform conditions of soil and exposure. Yellow pine stock 
was damaged more than Douglas fir; Douglas fir far more than spruce. 
In fact, in only a few cases was spruce even discolored. With lodgepole 
the injury was usually confined to an exposed branch or leader, suggesting 
incomplete ripening of the previous season’s growth. 

This indicates, as do all other data, that spruce can bear drying to a 
greater degree than the other species, or at least that it resists the dry- 
ing better, which comes to the same result. It is perhaps significant of 
the moisture-conserving adaptation of limber pine, which has been 
indicated by the transpiration tests, that there was no apparent injury to 
this species on the south slope where yellow pine was most plainly injured. 
It resisted wind-drying of this kind as well as any species. On the other 
hand, during the summer drought of 1917, limber pine was the only 
species showing injury to trees of large size. 


SUMMARY 


The relative qualities of the important forest trees of the Central 
Rocky Mountains, primarily from the standpoint of moisture relations, 
have been approached from five different angles. No one of these efforts 
has been free from errors, and no one would alone carry conviction, but 
the several results are corroborative with only insignificant exceptions. 
ape comparisons of the species have been made on the basis of — 

- Measurements of the water used in relation to growth and leaf ex- 
Rilo of 3- to 9-year-old trees, under uniform conditions for all species. 

2. Comparisons of sap density under uniform and varying growth con- 
ditions. 

3- Measurements of the moisture of soils not available to young seed- 
lings by direct comparisons of the species and also uader varying con- 
ditions as to soil quality and atmospheric stresses. 

4. Observations on fatality among seedlings under high temperature 
conditions. 

5. Observations on the resistance to winter drought of specimens 
growing side. by side, and as measured by the extent of injury to foliage. 

It will have become apparent that there are several aspects of the 
moisture relations, that the several species studied do not always stand in 
the same relation one to the other, and that it is not even possible to state 
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that of the Rocky Mountain species one is distinctly more drought-re- 
sistant than the others. The mositure relations apparently vary much 
with the other environmental conditions, and it is perhaps the most 
important feature of this paper that a somewhat logical relationship has 
been shown to exist between moisture requirements and other require- 
ments of each species. 

We may, then, briefly outline the theory and at the same time observe 
how closely it applies to the behavior of each species under each of the 
situations that has been presented. We may take as our starting point 
the relative ‘‘tolerance to shade” of the several species, because this is a 
character which always has been quite closely observed by foresters and 
in which, empirically, rather definite lines have been drawn. 

Briefly the physiological requirements appear to be related on this 
basis : 

1. The species of greatest shade tolerance or greatest ability to make 
effective use of sunlight in photosynthesis will possess, other conditions 
remaining equal, after a period permitting accumulation the greatest 
amount of soluble carbohydrates in the leaves. In this fundamental 
respect we shall adhere, at least tentatively, to the classification in- 
dicated by the December, 1917, sap densities, as shown in Table XIII, 
placing spruce at the head of the list of our indigenous species, followed 
by Douglas fir, lodgepole, bristlecone, yellow, and limber pines. 

2. The presence of considerable quantities of carbohydrates augment- 
ing other solutes creates a dense sap, or solution, which does not evaporate 
so readily as a dilute solution. Because of the osmotic pressure exerted 
by a dense solution, there should at the same time be greater ability to 
extract water from the soil, though there is no evidence that at the end 
of the struggle one species tolerates appreciably greater drought than 
the others. 

3. The presence of these solutes in large quantities is also, naturally, 
conducive to a high growth rate. 

4. By restricting evaporation, the soluble carbohydrates may increase 
the net amount of the light energy available for photosynthesis, so that, 
whatever the original quality which made the plant effective, this quality 
is augmented by its own results. 

5. By restricting the use of heat in evaporation, however, the dense 
cell sap may not only reduce the relative heat or light requirement of the 
species but may subject it to the danger of superheating. Of all the 
possible influences of the specific differences which give rise to the cell- 
sap differences, it is believed this is the most important ecologically and 
the most potent in its effect on the distribution of the species. If we 
assume distribution to be controlled primarily by this physiological 
factor, it becomes fairly simple to see how adjustments have been made 
to meet other conditions of the environment, principally in the form of 
structural adaptations, which differentiate the species beyond that 
difference which may arise from photosynthetic efficiency, and which 
may to a certain extent compensate for the physiological deficiencies. 

If we accept the heat hypothesis as fundamental, we mean that each 
species will be limited in its distribution rather sharply by the maximum 
temperatures which it can tolerate (probably in the early seedling stage) 
and also limited in its growth by its minimum requirements, so that at a 
certain low temperature it is unable to compete with more highly devel- 
oped species and hence loses its dominance in the forest. In the moun- 
tain forests, therefore, we should expect to find the six species zonated 
according to temperatures, in the order named just above. 
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This zonation holds, definitely, however, only for Engelmann spruce, 
Douglas fir, and yellow pine, which we have shown to be so equally 
developed as forest dominants that the fundamental physiological differ- 
ences control all their relations. With the three more or less weedy pines 
there are, plainly, adaptations which are equally effective or more effective 
in controlling distribution. It is significant of the importance of high 
temperatures as absolute limitations that these three species are all found 
in higher and cooler zones than their physiological conditions necessitate. 

Supplementing physiological characters, we may have stomatal reduc- 
tion, thickened epidermis, or clustered leaves, all tending to reduce the 
absolute transpiration, but, while doing so, inevitably reducing either 
the intake of carbon dioxid or the effectiveness of sunlight so that 
photosynthesis and growth are reduced perhaps even more than is water 
loss. This seems to be the general line of protective development in the 
‘“‘weed’’ trees, limber pine and bristlecone pine, and to a lesser extent 
in lodgepole pine. 

Again, resulting from gradual adjustment to the moisture conditions 
which accompany certain heat conditions, the forest trees have different 
root habits, or (shall we say ?) are unequally stimulated to root develop- 
ment. It is believed that temporary stimulus has much to do with 
it, but inherited habit still more. Be that as it may, yellow pine and 
Douglas fir root much more vigorously at an early age than lodgepole 
pine or spruce. Almost as divergent are the germinating rates of the seed, 
lodgepole pine standing out as the most sluggish of the six species studied. 

In the strictly physiological sense, spruce is undoubtedly the most 
highly developed of the indigenous species we have considered: This 
is evidenced by the sap densities which the trees show after long seasons 
of photosynthesis and by the amount of growth made in relation to the 
total amount of the water consumed. 

In actual water consumed by a tree exposing a unit area to light (and 
wind) spruce is again the most economical, followed by Douglas fir, 
bristlecone, limber, yellow, and lodgepole pines. In this consideration, 
it is, almost without question, the special adaptations of the weed pines 
which put them down as only moderately extravagant, making them 
especially suited to exposed windy sites but wholly incapable of holding 
a permanent place in the forest. On the contrary, spruce maintains 
a moderate rate of transpiration under the driest conditions (so far as 
measured) for two reasons, namely, because it does not mechanically 
restrict losses but forges ahead with growth, and because when the water 
supply is low it is still more able than any of its competitors to supply 
its needs and is not so soon restricted either in transpiration or growth. 
These facts stand out very clearly. In this comparison we have placed 
Douglas fir next to spruce, believing that the actual position shown by 
Table XI is misleading, because the trees involved did not develop 
normally. 

In resistance to winter-drying, limber pine with its peculiar structural 
development and spruce with its high physiological resistance have 
shown themselves about equally effective. Douglas fir and yellow pine 
follow with increasing weakness. Lodgepole pine shows greater resistance 
than would be expected, a fact which we shall not attempt to explain at 
present. 

Considering the drought resistance of seedlings, through the wilting 
coefficients of a number of soils in which they have been compared, we 
find the same physiological properties evidently at work, though much 
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obscured by the relative sizes of the seedlings and their root developments. 
The seedlings of spruce and lodgepole pine are small and frail and in the 
first two or three months develop scarcely more than half the root 
produced by Douglas fir and yellow pine. As a result, even when care- 
fully protected from excessively rapid water loss, lodgepole pine seedlings 
show far less drought-resistance than the others. Spruce seedlings, on 
the other hand, show quite as great resistance as those of pine or fir 
when not excessively insolated, and possibly a little more if the drought 
condition is approached every slowly. Limber and bristlecone pine 
seedlings, as meagerly observed, resist drought with the best of the others, 
no doubt because of a low rate of transpiration. In this connection the 
soil conditions leading up to wilting of seedlings should be borne in mind. 
Rarely is it possible for the roots to reach and extract all of the moisture 
which it would be physically possible for them to absorb. The complete- 
ness of this absorption depends very much on capillary movement in 
the soil. If the amount required by the seedling is small, this movement 
may supply the needs. Therefore, the rate of transpiration by the seed- 
ling is very important in determining, to a fine point, the degree of 
drought which it will resist. 

In nature all possible rates of soil-drying are represented, dependent 
very much on the amount of insolation on the site and to some extent 
on the nature of the soil cover. The open south exposure will usually 
dry at the immediate surface very rapidly. Because of the lack of humus, 
however, the layer just below the surface may remain moderately moist 
so long as the quantity of water below is sufficient to maintain capillary 
movement. When that end is reached, the soil undoubtedly dries out 
very rapidly to a considerable depth. Even with the respite furnished 
by capillary movement, the whole process of drying, in continuously 
bright and dry weather, seems likely to be accomplished here sooner 
than in the contrasting site. This may be on bottoms or north exposures 
where the total moisture supply is sufficient to produce a closed stand, 
heavy shade, and the accumulation of humus. In thissoil the surface 
litter and humus are rarely thoroughly wetted except during and imme- 
diately after the melting of snow. The more decomposed humus below, 
however, due to a lack of insolation and being protected by the surface 
litter, is rarely dry except after prolonged drought. It dries out slowly 
and steadily, however, both through the demands of the roots below and 
by direct evaporation. It follows that, since these demands in the aggre- 
gate are very large, such a soil may at unusual times, or possibly in the 
usual autumn drought, become extremely dry, especially so in the 
physiological sense, because of its high wilting coefficient. 

On the one hand, then, we have the rapidly fluctuating moisture 
conditions of the well-insolated site, which, for the establishment of 
seedlings would appear to demand prompt germination and prompt 
deep rooting. Yellow pine is preeminently adapted to these conditions 
by reason of its large seeds, which produce large sturdy seedlings with 
a habit of immediate deep rooting. There is nothing in the evidence 
on this species to suggest conservatism in the use of water. Probably 
the extravagant use of water assists in protecting from excessive heat. 
Success is dependent on the roots reaching a layer of the soil which does 
not dry out dangerously through insolation. It follows logically that 
yellow pine can not attain success in the face of competition, either 
with the roots of established trees or with grasses and herbs whose use 
of the water would materially augment the drying of the surface layer. 
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The large moisture demands of yellow pine, with the normal amount of 
precipitation, can only be supplied in open stands, which first permit 
the safe establishment of the roots at a depth and later their extension 
into a large areaof soil. This is of fundamental importance in the manage- 
ment of the species and explains the ultimate failure of one crop of seed- 
lings after another in stands which are already moderately crowded or 
apparently fairly open. 

Next in order on such sites we might expect to find Douglas fir, because 
it, also, produces a deep-rooted seedling. However, we should bear in 
mind that this species transpires less freely than yellow pine and hence 
may not be able to tolerate so much insolation. Extended observation 
shows that it will grow almost anywhere that yellow pine will grow, 
provided only the seedlings may have shade until they have passed the 
stage when most susceptible to heat injury. The fact that seedlings 
start in the shade of and in the densest root area of yellow pine trees 
shows that this species requires less moisture than yellow pine or, at 
least, that the moisture is not a controlling factor, and it is apparently 
for this reason that Douglas fir forms the climax forest except on the 
warmest yellow pine sites. 

Limber pine and bristlecone pine are also, by germination and rooting 
habit, adapted to well-insolated sites. The sap density of bristlecone 
pine, however, is apparently considerably higher than that of limber 
pine, and therefore it succeeds better on cooler sites and on heavier 
soils. ‘The physiological development of both species and their growth 
rates are so low that neither can hold a place in the forest in competition 
with spruce or Douglas fir. 

On the other hand we have the poorly insolated sites, commonly 
described as “cool and moist,” which are subject to comparatively slow 
and wide seasonal changes in their moisture conditions. 

Spruce seedlings on account of their growth habit are able early in 
the season to penetrate the layer of loose organic matter which is in 
many seasons thoroughly wet only after snow melting. ‘The small seeds 
germinate at a lower temperature than those of other species. There- 
after the roots show little stimulation to further growth. Even the 
dryness of the fall period does not appreciably stimulate root growth in 
the new seedlings, and it is believed that this is clear evidence of the 
ability of the species to extract water from the soil at a low degree of 
availability. Possibly because of their generally higher organization, 
spruce seedlings even prefer a low moisture content which results in 
greater concentration of the soil nutrients. In such a situation Douglas 
fir has no theoretical advantage over spruce except in case of a drought 
so prolonged as completely to dry out the soil layer in which the spruce 
roots are found. Then the deeper rooting of the fir should, apparently, 
count in its favor. But in the established forest this can hardly be a 
material advantage, considering the evenness and depth of the drying 
where the soil is well occupied by older roots. 

The situation with regard to lodgepole is very different from that of 
our other forest trees, and the writer takes from the evidence the liberty 
of suggesting either that it is just approaching the physiological status 
of a full-fledged tree or that it is such a recent migrant to the Rocky 
Mountain region as to have failed by far to adapt its mode of growth 
to the poor moisture conditions usually found where its heat require- 
ments are best satisfied. Some of the evidence on the latter point has 
been presented by the writer (3). Clements (9) has classed lodgepole 
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as even more intolerant of shade than yellow pine, and a fairly low 
photosynthetic efficiency is clearly indicated in this paper. Yet, while 
evidently demanding a great deal of light as well as moisture during 
the growing period, it shows no such habit as that possessed by yellow 
pine, of prompt germination or deep rooting. It is evident, therefore, 
that it is adapted only to sites with a steady supply of moisture and de- 
mands more than can usually be supplied by either of the contrasting 
situations which have been described. It is probably for this reason that 
it reproduces readily only where competition is decidedly lacking, ad- 
heres to the higher elevations where moisture is more abundant but 
where its growth rate is surprisingly slow, and has not penetrated to the 
south where there is a very sharp contrast between the summer rainy 
period and the clear, dry weather of autumn. In its range there is, to 
be sure, a generally steady decrease in the precipitation from May or 
June onward, but this is usually so gradual as to permit a great degree 
of adjustment. 
CONCLUSION 


In concluding this paper, it may be said that certain physiological 
relationships between the species which are of great importance, espe- 
cially for a proper understanding of forest growth, have been brought 
out and tentatively established by approach from several angles, but 
that, from the standpoint of natural reproduction and in relation to all 
questions of natural distribution of the species, these relative physio- 
logical qualities are not shown to be more controlling than some adapta- 
tions of form and characteristics of behavior which may be adequately 
described only by the word “habit.” Technical forestry or silviculture 
might be said to be based on the venerable concept that the several 
species of the forest vary in their demands for light or their tolerance 
of shade. This concept is not only not altered by the present results 
but is confirmed, and the relation of the photosynthetic capacity of a 
given species to its heat and moisture requirements is made much more 
clear and definite than it has appeared heretofore. Spruce is shown to be 
the most efficient of the species considered, not only because of its high 
photosynthetic capacity, but also because when this capacity is exercised 
the species automatically becomes economical in its use (by transpira- 
tion) of water and at least in this sense has low moisture requirements. 
At the same time it may be rendered sensitive to excessive temperatures. 
On the contrary, yellow pine, commonly thought of as very drought 
resistant, is found to require much light and heat and, with these, to 
use comparatively large amounts of water per tree of given size. Of 
course, the facts fit more closely with preconceived ideas when spruce 
stands are compared with pine stands, the much smaller number of in- 
dividuals in the pine stand not only compensating for the high individ- 
ual water use but being a most vital concomitant of this individual 
requirement. In other words, with the low moisture supply com- 
monly available in the low elevations and warm situations (which alone 
insure proper development of the pine), wide root spread and an open 
stand are vitally necessary to insure the water supply of the individual 
tree. The practical importance of this fact in forest management should 
be very clear. 

It will be seen, then, that these physiological relations principally 
clarify our conceptions of growth. Spruce is a better grower, a more 
efficient mechanism for growth, than Douglas fir, and fir more efficient 
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than pine. In forest planting, where use is made of trees which have 
been carefully nurtured beyond the stage of greatest susceptibility to 
heat and drought injury, this difference in the efficiency of our species, 
particularly the more effective use of water by spruce and fir, may be 
advantageously employed, the ranges of these species being artificially 
extended downward, without any injurious effects, while by natural 
reproduction such extension would be completely prohibited or would 
be very slow. With even greater care the economic loss resulting from 
the planting of any species in a situation too high or too cool, or in stands 
too dense for its proper development, must be avoided. 

In short, when it is considered that any cutting of a forest, by admitting 
more light and creating higher temperatures in the surface soil and more 
rapid fluctuations of the moisture on which young seedlings are depend- 
ent, tends to encourage a species more “hardy” but of a lower order 
of development than the one which dominates the stand (not necessarily 
of lower technical value), it is not difficult to see that all forest management 
hinges on these relative physiological properties for which we have been 
groping. Finally, it may be said that all of the physiological relations 
are embodied in the now rather general conclusion of foresters that the 
highest returns can be had from forestry only when cutting is followed 
by planting. 

This brings us to the original object of the present study, which has 
been to explain the existing natural forest types, to explain the distribu- 
tion of the species. As has been pointed out, natural distribution is 
plainly influenced at present by habits and adaptations which have 
developed in each species and which to a considerable extent compensate 
or balance the more deeply embedded physiological qualities. Without 
again going into the details that have been brought out, we may illus- 
trate to show how these developments affect natural distribution. In 
figure 5 an attempt is made to show the influence of these developments 
on distribution, in a broad way. It has been indicated that spruce 
may be very sensitive to high temperatures, but especially so at a very 
early age when the seedling is small and tender. In consequence of this 
weakness, which is a result of its most fundamental organic character, 
probably for ages no spruce seedling has been able to develop at a low 
elevation or on a very well-insolated site at a middle elevation. Such 
sites as are suitable in respect to insolation and heat must show almost 
invariably quite even moisture conditions and usually soils characterized 
by a surface layer of litter and humus. Consequently spruce has de- 
veloped a rooting habit suited to these moisture and soil conditions—a 
relatively slow and feeble rooting habit which does not suffice for quick 
establishment under any other conditions. As a further consequence, 
spruce has evolved very small seeds, there being no need for large, sturdy 
seedlings or for deep rooting before the seedling may itself manufacture 
food. It is seen, then, without enumerating any other similar develop- 
ments, that the species would have great difficulty in extending naturally 
to any sites other than the cool and moist ones on which it is com- 
monly found. The common conception has been in error only to the ex- 
tent of assuming that the essential feature of such sites is a large moisture 
supply. It is now fairly evident that the individual spruce tree does not 
require a large moisture supply even though this may insure the full- 
est development of the stand and, in view of this fact, that spruce 
may be used in planting where the moisture supply is relatively low. 
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Fic, 5.—A, Theoretical zonation and relative heat requirements on the basis of photosynthetic capacity. 
, Actual zonation and relative dominance as influenced by adaptations of roots and foliage. 
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It is to be hoped that this distinction between the temporary qualities 
of seedlings which acutely influence natural reproduction and extension 
of ranges and the more fundamental qualities of the species which later 
control growth reactions and economic values may be clearly held in 
mind, since it becomes increasingly apparent as time goes on that the 
factors controlling reproduction must be considered as almost independ- 
ent of those controlling later growth. 

In a succeeding paper on this subject it is hoped principally to show 
to what extent the environmental conditions of the different forest types 
differ and, in the light of what we have so far seen, to weigh carefully 
the importance of each condition so that those conditions which are 
really essential to the success of a given species may be clearly under- 
stood. The practical application of these facts in forest management 
may then be shown, it is hoped, in more definite terms. 


LITERATURE CITED 


(1) Batgs, Carlos G., NoTESTEIN, F. B., and KEPLINGER, Peter. 
1914. CLIMATIC CHARACTERISTICS OF FOREST TYPES IN THE CENTRAL ROCKY 
MOUNTAINS ... Jn Proc. Soc. Amer. Foresters, v. 9, no. 1, p. 78-94. 





(2) 
1916. THE EFFECTS OF WIND. In Proc. Soc. Amer. Foresters, v. 11, no. 4, 

P- 4437444- 
(3) 





1917. THE BIOLOGY OF LODGEPOLE PINE AS REVEALED BY THE BEHAVIOR OF ITS 
SEED. In Jour. Forestry, v. 15, no. 4, p. 410-416. 
and Zon, Raphael. 
1922. RESEARCH METHODS IN THE STUDY OF FOREST ENVIRONMENT. U.S. Dept. 
gt. Bul. 1059, 209 p., 4 fig. List of references, p. 202-209. 
(5) Briccs, Lyman J., and SHANTz, H ae 
1912. THE WILTING COEFFICIENT FOR DIFFERENT PLANTS AND ITS INDIRECT 
“ca U. S. Dept. Agr. Bur. Plant Indus. Bul. 230, 83 p., 
9 ng.,2p 





(4) 








(6) 
1914. a it WATER REQUIREMENT OF PLANTS. Jn Jour. Agr. Research, v. 3, 
, p. 1-64, 1 fig., pl. 1-7. Literature cited, p. 62-63. 
(7) CLEMENTS, "Frederic Edward. 
1905. RESEARCH METHODS IN ECOLOGY. xvii, 334 p., 85 fig. Lincoln (Nebr.). 
Bibliography, p. 324-334. 


1907. PLANT PHYSIOLOGY AND ECOLOGY. XV, 315 p., 125 fig. New York. 


(8) 
(9) 








1910. THE LIFE HISTORY OF LODGEPOLE BURN FORESTS. U. S. Dept. Agr. 
Forest Serv. Bul. 79, 56 p., 1 fig., 6 pl. 





(10) 

1916, PLANT pen gern AN er ou THE DEVELOPMENT OF VEGETATION. 
~ 512 p., 51 fig., 61 p ington, D.C. Bibliography, p. 473- 

(Carnegie Inst. Wash. Pub. 242.) tee 
(11) Hivcarp, e W. 

1906. SOILS, THEIR FORMATION, PROPERTIES, COMPOSITION, AND RELATIONS TO 
PLANT GROWTH IN THE HUMID AND ARID REGIONS. XXVii, 593 p., 89 
fig. New York, London. 

(12) Krgsse.pacu, T. A. 

1916, TRANSPIRATION AS A FACTOR IN CROP PRODUCTION. Nebr. Agr. Exp. Sta. 
Research Bul. 6, 214 p., 24 fig., 4 pl. (im text). Literature cited, 
Pp. 209-214. 

(13) Moors, Barrington. 
1917. OSMOTIC PRESSURE AS AN INDEX OF HABITAT. In Jour. Forestry, v. 15, 
no. 8, p. 1010-1013. 
(14) Pearson, G. A. 

1914. A METEOROGICAL STUDY OF PARKS AND TIMBERED AREAS IN THE WESTERN 
YELLOW-PINE FORESTS OF ARIZONA AND NEW MEXICO. Jn Mo. Weather 
Rev., v. 41 (1913), nO. 10, p. 1615-1629, 9 fig. 





164 Journal of Agricultural Research 





(15) Pearson, G. A. 

1920. FACTORS CONTROLLING THE DISTRIBUTION OF FOREST TYPES, PARTI-II. In 

Ecology, v. 1, no. 3, p. 139-159; no. 4, p. 289-308, 11 fig. 
(16) RAMALEY, Francis. 

1907. PLANT ZONES IN THE ROCKY MOUNTAINS OF COLORADO. In Science, n. s, 

v. 26, no. 671 p. 642-643. 
(17) 

1909. THE SILVA OF COLORADO IV. FOREST FORMATIONS AND FOREST TREES. 
In Univ. Colorado Studies, v. 6, no. 3, p. 249-281, 26 fig., 4 pl. Partial 
list of books and special articles dealing with Colorado trees, p. 279-280. 

(18) Rossins, Wilfred W. 

1917. NATIVE VEGETATION AND CLIMATE OF COLORADO IN THEIR RELATION TO 
AGRICULTURE. Colo. Agr. Exp. Sta. Bul. 224, 56 p., 20 fig. (in text 
and on pl.). 

(19) SaLmon, S. C., and FLEMING, F. L. 

1918, RELATION OF THE DENSITY OF CELL, SAP TO WINTER HARDINESS IN SMALL 

GRAINS. In Jour, Agr. Research, v. 13, no. 10, p. 497-506, pl. 53. 
(20) SHantz, H. L. 

1906. A STUDY OF THE VEGETATION OF THE MESA REGION EAST OF PIKES PEAK: 
THE BOUTELOUA FORMATION. In Bot. Gaz., v. 42, no. 1, p. 16-47, 7 
fig., 1 map (in text). 

(21) 
. IQII. NATURAL VEGETATION AS AN INDICATOR OF THE CAPABILITIES OF LAND 
FOR CROP PRODUCTION IN THE GREAT PLAINS AREA. U. S. Dept. Agr. 
Bur. Plant Indus. Bul. 201, 100 p., 23 fig., 6 pl. 
(22) SHIMEK, B. 

IQI1I. THE PRAIRIES. Jn Bul. Labs. Nat. Hist. Univ. Iowa, v. 6, no. 2, p. 

169-240, 14 pl. Bibliography, p. 231-240. 
(23) SHREVE, Forrest. 

IQII. THE INFLUENCE OF LOW TEMPERATURES ON THE DISTRIBUTION OF THE 

GIANT cactus. Jn Plant World, v. 14, no. 6, p. 136-146, 3 fig. 


1912. COLD AIR DRAINAGE. Jn Plant world, v. 15, no. 5, p. 110-115, 1 fig. 


1915. THE VEGETATION OF A DESERT MOUNTAIN RANGE AS CONDITIONED BY 
CLIMATIC FACTORS. 112 p., 18 fig., 36 pl. Washington, D. C. (Carnegie 
Inst. Wash. Pub. 217.) 
(26) THom, C. C., and Hottz, H. F. 
1917. FACTORS INFLUENCING THE WATER REQUIREMENTS OF PLANTS. Wash. 
Agr. Exp. Sta. Bul. 146, 64 p., 18 fig. Bibliography, p. 62-64. 
(27) WEAVER, J. E. 
1917. A STUDY OF THE VEGETATION OF SOUTHEASTERN WASHINGTON AND AD- 
JACENT IDAHO. Univ. Studies, Nebr., v. 17, no. 1, 133 p., 48 fig. 
Literature cited, p. 113-114. 
(28) and TurE., Albert F. 
1917. ECOLOGICAL STUDIES IN THE TENSION ZONE BETWEEN PRAIRIE AND WOOD- 
LAND. Univ. Nebr. Bot. Seminar. Bot. Surv., n.s. no. 1, 60 p., 38 fig. 
(in text and on pl.) Literature cited, p. 58-59. 
(29) and MOGENSEN, A. 
1919. RELATIVE TRANSPIRATION OF CONIFEROUS AND BROADLEAVED TREES IN 
AUTUMN AND WINTER. In Bot. Gaz., v. 68, no. 6, p. 393-424, 18 fig. 
Literature cited, p. 423-424. 











PLATE r 


A.—Tree No. 1, yellow pine, 1917. 
B.—Tree No. 4, Douglas fir, 1917. 
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PLATE 2 


A.—Tree No. 5, —— pine, 1917. 
m 


B.—Tree No. 8, Engelmann spruce, 1917. 











PLATE 3 


A.—Tree No, 10, limber pine, 1917. 
B.—Tree No, 11, bristlecone pine, 1917. 
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PLATE 4 


A.—Large spruce, No. 11, in 1920 transpiration test. 
B.—Small spruces in Pot 9, 1920. 











PLATE 5 


A.—Arizona yellow pine, Pot 15, 192c. 
B.—Montana yellow pine, Pot 18, 1920 
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PLATE 6 
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PLATE 6 


A.—Vigorous limber pine, Pot 16, 1920. 
B.—Sluggish limber pine, Pot ar, 1920. 


Water requirement 773 units, 
Water requirement 4,785 units, 





PLATE 7 


A.—Asymmetrical development of yellow pine, probably resulting from repeated 
winterkilling of limbs on the west side. (Looking south.) July 2, 1916. 
B.—Relative root developments in moist sandy soil of seedlings 30 days after sowing. 
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A STUDY OF THE INTERNAL BROWNING OF THE 
YELLOW NEWTOWN APPLE‘. 


By A. J. WINKLER 


Associate in Viticulture, formerly James Rosenberg Memorial Scholar in Agriculture, 
Cakfornia Agricultural Experiment Station 


INTRODUCTION 


As a result of the heavy losses of Pajaro Valley apples during the 
early development of cold storage practices in California, considerable 
effort by the Bureau of Plant Industry of the United States Depart- 
ment of Agriculture has been directed toward determining the cause 
of this trouble and toward devising methods of overcoming it. In 1910 
Stubenrauch (16)* indicated a relation between the browning and the 
temperature of storage, lower temperatures favoring its development. 
In the report of this bureau for 1920 (z) it was stated that there was 
no relation between the acidity of the fruit and the trouble and that 
as yet no definite cause could be assigned for this disease. 


OBJECTS OF THE INVESTIGATION 


The present investigation is an attempt to determine the cause of 
internal browning, with special reference to (1) field conditions which 
are responsible for the susceptibility of the fruit and (2) the internal 
and external factors which are immediately responsible for its develop- 
ment in storage. 


DESCRIPTION OF INTERNAL BROWNING 


Internal browning as it occurs in the Yellow Newtown apple is a 
nonparasitic storage disease of the large isodiametric cells of the pulp. 
In apples stored immediately, regardless of the time of harvest, at 
—1.1° and o° C, the browning generally becomes noticeable during 
the latter part of December, while in apples stored at higher tempera- 
tures its first appearance is proportionately later. The writer has not 
observed its occurrence in apples kept at temperatures of 8.3° or above. 

In a cross-sectional view of the apple, the disease is first detectable 
in more or less elongated areas radiating outward from the central 
portion of the apple in the region opposite the basal end of the carpels. 
By cutting the apple in various planes it is apparent that the areas 
first browned lie adjacent to and radiating outward from the primary 
vascular bundles. 

As the browning becomes more severe, it spreads most rapidly in 
the region of the secondary vascular bundles. In many specimens it 
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advances far toward the calyx end of the apples in this region before 
it penetrates more than several millimeters into the pulp laterally near 
the initial point of browning. Although the browning seems to be 
confined to the region immediately adjacent to the vascular system 
in its most rapid penetration of the apple tissue, the bundles them- 
selves are slow to show the browning. The large cells adjacent to the 
bundles are the first to become discolored. Later the small cells bor- 
dering on the bundles are affected, and finally in the advanced stages 
of the disease the bundles themselves become brown. In its advanced 
stages the disease may spread to all portions of the pulp, constituting 
a condition comparable to the usual type of storage breakdown. In 
the latter condition, however, the browning begins at the calyx end 
of the apple, involving all of the tissue in its spread, and is accompanied 
by softening of the affected region. 

It often happens that in the very advanced stages the browning 
spreads into the small thick-walled cells of the epidermis, thus giving the 
fruit an appearance of being scalded. In its less advanced condition, 
the disease, however, is detectable only by cutting into the fruit, the 
skin retaining its natural color and luster and the flesh remaining firm. 


METHODS AND PLAN 


The storage phases of this problem were carried out in a cold-storage 
plant consisting of six rooms and two large insulated boxes, making 
available the following temperatures: 0°, 2.2°, 5°, 8.3°, and 13.9° C. 
The temperatures were maintained within +1°, with the exception of 
the highest temperature, which varied from 12° to 14°. The humidity 
was practically constant in the different rooms, never varying more than 
3 to 4 per cent. 

The fruit was obtained from the Rogers Bros.‘ orchards, which are 
located about 1 mile east of Watsonville, Calif. The apples were packed 
and labeled under the respective trees from which they were picked. 
The fruit was not sorted, but represented tree-run apples, with the excep- 
tion of the third picking in 1919, which was made up of grade ‘“‘B” apples. 
The boxed apples were then expressed to Berkeley. 

Three pickings were made each season. ‘The earliest seasonal picking, 
15 lots, was made just as the regular picking season was beginning. The 
second seasonal picking, a similar number of lots, came at about the 
middle of the normal picking season. The third picking was delayed 
until the close of the harvesting season. In each casea “‘lot’’ represented 
the fruit from a single tree. 

The first two pickings for both seasons were stored the third or fourth 
day after picking. The storage of the last picking, however, was delayed 
approximately three weeks each season due to the slow shipment. 

After arriving at the storage plant, the lots were divided into the 
required number of sublots for the several individual experiments. The 
sublots of approximately 80 specimens each, unless stated otherwise in 
connection with the separate tests, were stored in apple boxes. Sufficient 
space was always maintained between the boxes for normal ventilaton. 
Not only were apples of the same lot used in each experiment and in the 
control, but the apples of each test were placed under as nearly identical 
conditions as possible. 





* The writer is greatly obliged to Messrs. C. J. Rogers and Marion Rogers for their interest and hearty 
cooperation in the work 
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As internal browning affects the flesh of the fruit, it was necessary to 
cut the apples in order to make observations upon their condition. The 
apples were cut perpendicularly to the axis of the core in a plane which 
passed approximately through the junction of the carpels with the stem. 
By cutting in this plane the browning was always detected, if present. 

Observations upon the browning were made at monthly intervals 
beginning with February 2 for the 1919-20 season and with January 8 
for the season of 1920-21. Twenty specimens from every sublot were 
cut at each of the four seasonal cuttings. By cutting several hundred 
apples on numerous occasions it was found that the error of observation 
in cutting only 20 specimens ranged from 2 to 5 per cent. When the 
results for the four seasonal cuttings were averaged, this error was 
reduced to 1 to 2 percent. In recording the observations the following 
terms were used to designate the degree of browning: 

1. NORMAL.—No browning apparent to the unaided eye; less than o.1 
per cent of cells affected. (Pl. 1, A.) 

2. TRACE BROWNING.—Browning recognizable in the torus but not of 
sufficient intensity to lessen the market quality; 0.1 to 0.6 per cent of 
cells affected. (Pl. 1, B.) 

3. SLIGHT BROWNING.—Browning in a sufficient degree of intensity to 
lessen the market quality of the fruit but not to such a degree as to make 
the apples objectionable for culinary purposes; 0.6 to 10 per cent of cells 
affected. (Pl. 1, C.) 

4. MODERATE BROWNING.—Browning of such an intensity as to render 
the apples unsuitable for ordinary culinary purposes. At this stage of 
browning the tissue was more generally discolored throughout the torus, 
from 10 to 30 per cent of the cells being brown. (PI. 1, D.) 

5. SEVERE BROWNING.—This term refers to a degree of browning 
which upon cutting gave the apples an appearance of being rotten within. 
In these apples the structure of the tissue exhibited a marked degree of 
disintegration in all portions of the specimen; 30 per cent or more of the 
cells affected. (Pl. 1, E.) 


PRESENTATION OF DATA 


RELATIVE DEGREE OF INTERNAL BROWNING EXHIBITED BY YELLOW 
NEWTOWN APPLES GROWN IN THE PAJARO VALLEY AND ELSEWHERE 


During this study apples were also obtained from other localities in 
California and from important districts in other States where this variety 
is successfully grown to determine whether or not the browning was 
confined solely to apples grown in this valley. All of the fruit was 
shipped to Berkeley by express and was then stored at o° C. under the 
same conditions as the fruit from the Pajaro Valley. 

The figures obtained in these tests indicate that Yellow Newtown 
apples generally are more or less susceptible to internal browning. The 
disease in apples from points other than the Pajaro Valley, however, has 
not been sufficiently severe to render it an economic problem. 

The fact that all the apples showed browning would seem to indicate 
that either something peculiar to the variety makes it susceptible to 
browning or that the trouble lies in the regions in which it is at present 
most extensively grown. Both of these conditions appear to be more or 
less responsible for the browning. The fact that other varieties of apples 
grown in the same districts, with the exception of the Pajaro Valley, 
are immune to this disease would at least suggest that the Yellow New- 
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town exhibits a varietal characteristic of susceptibility to internal 
browning. 

The effect of the region in which the fruit is grown upon its suscepti- 
bility to browning is indicated by the fact that several varieties of apples 
such as the Yellow Bellflower and the Red Pearmain, which normally 
show no tendency to brown, are susceptible to this disease when grown 
in the Pajaro Valley. These varieties do not brown when grown in any 
of the other Yellow Newtown districts. Furthermore, the Yellow New- 
town, when grown in this valley is much more susceptible to internal 
browning than when grown elsewhere. The climatic conditions of the 
Pajaro Valley, therefore, seem to exert an influence upon the develop- 
ment of apples which has not been shown to occur elsewhere and which 
renders them susceptible to this disease. 


RELATION OF TIME OF HARVESTING TO INTERNAL BROWNING 


The importance of the time of harvesting of the fruit in the control of 
nonparasitic diseases of the apples has been stressed by Powell and 
Fulton (13), Brooks, Cooley, and Fisher (4, 5, 6), and others. Corre- 
spondence with cold-storage managers showed that some of them believe 
that internal browning is, at least in part, the result of picking the apples 
too green. The riper apples which have a higher sugar content, according 
to these men, are more resistant to browning. 

An investigation of the effect of the time of harvesting upon internal 
browning was started in the season of 1919-20. Three pickings of 
fruit were made for both this and the 1920-21 seasons. ‘The fruit of the 
first picking was “hard green” in maturity and of a solid green color; 
that of the second picking was “firm green”’ and signs of the yellow color 
were becoming evident; while the fruit of the last picking was ‘“‘ overripe” 
for harvesting and showed a considerable amount of yellow over the 
entire surface. The fruits for each lot were picked from all portions 
of the same trees at each of the pickings and were then stored under 
identical conditions at o° and 2.2°C. The effect of the time of harvest- 
ing upon the severity and rate of browning are shown in Tables I and II. 

The figures of Table I indicate that the later-picked fruit browned 
much more severely in every test. In the case of the apples stored at 
2.2° C. during the season 1919-20, the actual figures in the table show 
little difference in the amount of browning. When the difference in the 
storage dates is taken into account, however, a considerable difference 
in favor of the earlier pickings becomes apparent. In the other cases the 
relation of time of harvest to the browning is obvious. 

The figures of Table II indicate that the fruit of the last picking browned 
two and one-half times as rapidly as that of the second picking and the 
fruit of the second picking browned one and one-half times as rapidly 
as that picked at the beginning of the harvest season. 

The sugar content of the fruit picked at the time of harvest September 
26, October 16, and November 6 was 9.4, 10, and 11.4 per cent, respec- 
tively, which appears to indicate that a higher sugar content favors 
browning. By analyzing a large number of samples, however, it was 
shown that the sugar content does not influence the resistance or sus- 
ceptibility of the fruit to browning. It might also be expected that the 
change in acidity of the fruit of the later picking, due to its more mature 
condition, and the subsequent prolonged storage would affect its resistance 
to browning. This was found not to be true. Although the titrable 
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acidity decreased with maturity and subsequent storage, the active 
acidity as indicated by the P, value of the expressed juice remained 
practically constant. This possibly accounts for the fact that the 
decrease in total acidity does not influence the resistance of the fruit to 
browning. 


TABLE I.—Relation of time of harvesting of the fruit to internal browning 


SEASON OF IQIQ-20 



































Condition of fruit at re an period, approxi- 
mately Apr. 1. 

Date of Date of 

Storage temperature. picking. | storage. 
| Normal. | Trace. Slight. | Moderate. Severe. 
°C, | Per cent. | Per cent. | Per cent. | Per cent. Per cent. 
Saree te A: ee 45 5° ° | ° 
Biles cactsce tithe” ae 22 | 50 45 5 | ° | ° 
Te ee oa a, 45 45 10 | ° | ° 
BAH ieeRviee Ve Sept. 28 | Oct. 2 | 40 20 5 | Is | 10 
Er Oct. 18 | 22 | 20 45 20 Io | 5 
OT rr | Nov. 22 | Dec. 8 15 35 20 Io | 20 

| | 
SEASON OF 1920-21 
Ps. ctucwen 039k Bape 27 | Sept. 30 | 75 10 | 10 ° 
BB. 60 00 ceeeeeeee st Oct... 16.| Oct. 19 | 60 35 S| ° ° 
5 Serer 6 | Nov. 26 | 5 45 30 20 ° 
. GE Oe. | Sept. 27 | Sept. 30 | 30 40 20 10 ° 
RR ARETSRAT ir er | Oct. 16 | Oct. 19 | 20 45 25 10 ° 
Re ads cc Se Souk | Nov. 6 Nov. 26 | ° 30 45 25 ° 
} } } ' 











TABLE II.—The relation of time of harvesting of the fruit to the rate of development of 

















browning 

Date of tes : Weeksin | Market- | Unmarket- 

Storage temperature. picking. Condition of fruit. storaee. able! able. 
Pee et, ord A ee 
*¢. | Per cent. | Per cent. 

is sie0e ORs ones Sept. 26 | Hard green............. | 20 60 40 
ere eee, Oct. 16 Firm green............ 15 60 40 
We esscetvants Ves Bes. OC yQWGRREDE, oan aside | 6 60 40 








1 Marketable fruit includes both normal and trace browned specimens, 


EFFECT OF TEMPERATURE UPON INTERNAL BROWNING 


STORAGE TEMPERATURE 


At the time apple storage was introduced in California, investigations 
by Powell and Fulton (73) had brought the cold-storage men to the 
general belief that all apples could be stored most successfully at — 5/9° 
to o° C. It was soon found, however, that great losses were incurred 
through the deterioration of Yellow Newtown apples of the Pajaro Valley 
at these temperatures. As a result of these losses investigations (76) 
were undertaken which brought about the storage of all the Pajaro Valley 
apples at 2.2°. 


30616—23——-6 
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At the University of California, where apples of the Pajaro Valley have 
been stored at -1.1°, 0°, and 2.2° C. since 1916, it has been found that 
considerable browning occurs after the first of February, even in the fruit 
stored at 2.2°. Aside from the browning, however, these apples keep 
satisfactorily. It was, therefore, thought advisable to store apples at 
various temperatures above 2.2° in order to determine (1) the lowest 
temperature at which internal browning will not develop during the 
normal storage period and (2) whether or not the temperature which is 
sufficiently high to prevent internal browning is also sufficiently low for 
practical storage purposes. 

During the season of 1919-20 the only other temperature available 
above 2.2° C. was that of room temperature. However, in 1920-21 
apples were stored at 5°, 8.3°, 13.9°, and 21° in addition to the 
usual temperatures used for these apples. In the 1919-20 season 15 
lots of the second picking were used in these tests, while in 1920-21 two 
lots of fruit from the same two trees for each of the first two pickings 
were used. Since all the apples browned in relatively the same propor- 
tions at each of the temperatures, only the averages for the second pick- 
ing are given in Table III. 


TABLE III.—Effect of storage temperature upon internal browning 


SEASON IQI9-20 





Condition of fruit after 4 months’ storage. 
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. @ There was considerable freezing at -1.1°C. in the early part of the storage season, which retarded the 
rowning. 


The figures of Table III show a definite relation between the amount of 
browning and the temperature of storage. The effect on browning of 
only a few degrees change in temperature is very striking. At o° C., 
for instance, in the 1920-21 season, only 15 per cent of the fruit remained 
normal, while at 2.2° 40 per cent was normal, and at 5° 95 per cent of the 
fruit was normal. Browning did not occur in any of the fruit stored at 
a temperature of 8.3° or above. 

It becomes manifest, therefore, that internal browning does not occur 
at a temperature a few degrees above that used in the commercial storage 
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of apples. Furthermore, the Yellow Newtown is known to be one of the 
best keeping apples, and it may be held quite satisfactorily in basement 
storage until May if well-matured, sound fruit is used. Thus it appears 
that where prompt storage under uniform conditions is possible the 
fruit can safely be held at temperatures sufficiently high to prevent 
browning without other forms of deterioration developing. In com- 
mercial practice, however, it would probably not be expedient to store 
apples above 5° C. It would, nevertheless, be advisable to store these 
apples at or just below this temperature. 

The browning was not only increased in severity as the temperature 
decreased below 5° C. (as shown by the figures in Table III) but its 
development was also more rapid. This relation of temperature of 
storage, with the time of initial appearance and the subsequent develop- 
ment of the browning, is illustrated by the graphs in figure 1. 
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Fic. 1.—Effect of temperature upon the rate of development of internal browning. 


ORCHARD TEMPERATURE 


In the early investigations upon internal browning, letters, in the form 
of questionnaires, were sent to the leading fruit men of the Pajaro Valley. 
In reply to the question asking when the browning was most prevalent, 
many of the fruit growers attributed its occurrence to the cold, foggy 
weather which characterizes this valley during the latter part of July and 
the early part of August, just at the time the fruit is growing most rapidly. 

With this observation as a basis, experiments were started in the spring 
of 1920 to determine the effect of orchard temperature and fog upon 
internal browning. During the first week of May, 1920, a tent of black 
cambric cloth was erected over a single average tree which bore a normal 
set of fruit. The sides of the tent came within about 8 feet of the ground. 
Thus, all the branches with fruit were shaded continuously. At the same 
time the tent was erected, 100 individual apples on an adjacent tree were 
placed in black cloth bags. A similar number of apples on adjoining 
trees were placed in black bags on the first of June and July, respectively. 
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Owing to the lack of necessary equipment, it was impossible to measure 
the exact effect of the tent and black bags upon the light intensity, 
Nevertheless, it is thought that the light exclusion as such is negligible, 
since it had little or no effect upon the amount of browning as shown by 
the figures of Table V. The number of foggy days might, of course, 
exert an indirect effect by influencing the temperature. 

The effect of the tent and black bag upon the temperature, however, 
was very striking. The mean daily temperature at the core of the bagged 
fruit, as indicated by self-recording thermometers, was from 2.5° to 5.5° C. 
higher than that of apples normally exposed. In the case of the tented 
tree, a lower mean temperature was maintained by the shading and lack 
of free circulation of the air. Here the temperature, as recorded by 
accurately regulated thermograph instruments, was found to be from 2° 
to 4.5° lower than that for a similar position in an adjacent untented tree. 

The fruit from the tented tree, the bagged and the normally exposed 
fruit from the same trees, and fruit from two adjacent trees for control 
were harvested at the first pickings of the 1920-21 season. All the lots 
and controls were stored under identical conditions at 0° C. The results 
of these experiments are given in Table IV. As the fruit of the two 
pickings behaved similarly, only the averages are given in the table. 


TABLE IV.—Effect of orchard temperature upon internal browning 








Condition of fruit at end of storage 
period, Apr. 1. 


Treatment. : - ‘ae 
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eg 5 SRE nn ar ere eco s ra  alle 5 ° ° ) 
Fruit normally exposed . sewed csiesc nd Ot eee cas = ae 25 10 ° 
Fruit from under tent where temperature was | | 

about 3.5° C. below that in open............... 5; 15 40 35 5 











The figures of Table IV show a very definite relationship between the 
orchard temperature and internal browning. A daily mean temperature 
of 4° C. above the normal temperature of the orchard practically pre- 
vented the browning, while a mean temperature of 3.5° below the nor- 
mal mean orchard temperature greatly increased the amount of brown- 
ing over that which occurred in the normally grown fruit. 

This relation between orchard temperature and the amount of brown- 
ing becomes more impressive when the temperature records of this 
valley are compared, for the years of severe and of moderate or no 
browning for this region, with the temperature records of other dis- 
tricts where this variety of apple grows satisfactorily and where the 
browning is not a problem. The graphs in figure 2 represent the mean 
temperature for June, July, August, and September for the Pajaro 
Valley, Calif.; Albemarle County, Va.; and Rogue River Valley, Oreg. 
If the record for the Pajaro Valley is considered, it will be seen that in 
1908 and 1914, years in which very heavy losses through internal brown- 
ing occurred, the mean temperature for these four months was very low. 
For 1909, 1910, 1915, and 1916, when the mean temperature for these 
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growing months was nearly normal, the severity of the browning was 
less. In 1912, 1913, 1917, and 1918, years of higher mean temperature 
for the months of rapid growth, there was no browning in the commercial 
storage plants. Comparing the temperature records of the Pajaro Val, 
ley with those of Rogue River Valley, Oreg., and Albemarle County, Va.- 
it is found that these regions have a mean temperature of 2.8° and 6.2° 
C. higher, respectively, than that of the Pajaro Valley. 

Results which further confirm this relation of orchard temperature to 
the browning were obtained by collecting fruit from well-exposed and 
from shaded portions of the tree. ‘Two lots of fruit were collected from 
the upper southwest periphery of two trees where the fruit received the 
maximum effect of the sun’s rays, while two other lots were picked from 
the lower north, shaded portion of the same trees where the fruit was 
continuously in the shade, ‘These lots were stored side by side at 0° C. 
The results of this experiment are given in Table V. 
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Fic. 2.—Mean daily temperature for June, July, August, and September from 3995 to 1920 for (a) Albe- 


marle County, Va., (6) Rogue River Valley, Oreg., and (c) Pajaro Valley, Calif. (From climatologi- 
cal data reports, U. S. Dept. of Agr. Weather Bureau 1905 to 1920.) 


TABLE V.—Effect of exposure of the fruit on the tree upon internal browning 





Condition of fruit at end of storage period. 


Nor- 
mal. 





Location of fruit on tree. 


Mod- | severe. 


Trace. | Slight. erate: 








Per | Per Per Per | Per 
cent. cent. | cent. | cent. | cent. 

MN occu MeAth cone es hohnataes tpepenoteces 8's 35 55 10 ° | ° 
Shaded, on lower north side of the tree........... 15| 50 25 Io | © 


Well exposed, on upper southwest periphery of the 








These figures show that the quantity of normal fruit from the well- 
exposed portions was 20 per cent greater than that obtained from the 
shaded portions of the same trees. While no records were taken with 
regard to the temperature of the fruit at the different exposures, it is safe 
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to assume that the mean daily temperature of the well-exposed fruit 
was somewhat higher than that from the shaded side of the tree. 
Further evidence which seems to show the definite relation of low 
orchard temperature to the development of internal browning in this 
variety of apple is brought out in the results obtained from the fruit 
received from New York State. One lot of fruit was obtained from the 
Cornell Agricultural Experiment Station, where the mean summer tem- 
perature is only slightly more than 1° C. above that of the Pajaro Valley 
and where cloudy or rainy weather frequently prevails during the grow- 
ing season. The other lot was obtained from northern part of Dutchess 
County, N. Y., where the mean summer temperature is approximately 
3.2° higher than that of the Pajaro Valley and where, as a rule, there is 
an absence of cloudy or rainy weather during the growing season. After 
express shipment to Berkeley, Calif., these lots were stored under identical 
conditions at 0°. The figures in Table VI give the results of this test. 


TABLE VI.—Effect of orchard temperatures upon the susceptibility of New York Yellow 
Newtown apples to internal browning 


Condition of fruit at end of storage period, 
Weeks 
Source of the fruit. in 


storage.) Nor- | race, | Slight, Mode- Severe, 





mal, rate. 
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The quantity of normal fruit obtained from Dutchess County was 95 
per cent greater than that from the Cornell Station. This points very 
strongly to the fact that orchard temperature during the season of rapid 
growth is an important factor in the development of fruit which is sus- 
ceptible or resistant to internal browning. 

The results obtained on the effect of orchard temperature upon the 
subsequent susceptibility of the fruit to browning point to the possi- 
bility that the mean temperature for the growing season in the Pajaro 
Valley hovers around the lower limit for the normal development of 
this variety of apple. 


RELATION OF ESSENTIAL OILS TO INTERNAL BROWNING 


Before taking up a discussion of the data with regard to the relation 
of essential oils to internal browning, a few references will be made to 
previous work on the effect of essential oils and allied substances upon 
the cell. 

Dixon and Atkins (&) have shown that anaesthetics increase the per- 
meability of the plasma membrane, for the cell sap is readily expressed 
after their application. When applied for this purpose, however, the 
anaesthetics were toxic and their effect irreversible. Since a distinctive 
mark of an anaesthetic is the reversibility of its action, Osterhout (72) 
made measurements upon tissues to determine whether the increase in 
permeability, usually observed to follow their application, is due to the 
anaesthetics or to toxins. He concludes that the anaesthetics produce 
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a decrease in the permeability which is reversible and the subsequent 
increase in permeability is due to the accumulation of toxic substances as 
a result of the action of the anaesthetics. In 1910 Armstrong (2) and 
his co-workers showed that, under the influence of anaesthetics and certain 
other substances which they called hormones, reactions occur in the cells 
which indicate that the enzyms and their substrates were brought into 
contact. Among the results of this mixing of the enzyms and substrates, 
as observed by these workers, was an oxidation which resulted in pig- 
mentation. ‘These workers also state that these phenomena are cons- 
tantly taking place in the plant but that under normal conditions their 
products are passed off before they become injurious. Under abnormal 
conditions, however, they may accumulate in sufficient amount to 
greatly hinder the activities of the tissues and eventually to cause the 
death of the cells. Giglioli (9) found that essential oils markedly influence 
the movements of water, enzyms, and soluble substance through the 
cell membrane. Later, Giglioli (10) also demonstrated that the enzyms 
could be removed from yeast cells by rendering them permeable with 
essential oils. ‘ 

During the past year Power and Chestnut (74) have isolated the 
essential oils of the apple. They have shown conclusively that essential 
oils are being produced continuously by the apple in sufficient quantities 
to be detected. In 1919 Brooks, Cooley, and Fisher (5, 6, 7) found that 
apple-scald, a nonparasitic storage disease which is generally confined 
to the surface of the fruit, was apparently due to volatile substances 
which are produced by the fruit when held for some time under the more 
or less abnormal conditions of storage. In substantiating this contention, 
they present data which show that the disease is reduced to a minimum 
by removing these volatile substances from the fruit by air circulation 
or by storing the fruit in wax or oil wrappers that are known to be good 
absorbents of essential oils. 

After making observations upon the appearance of the fruit in internal 
browning and in advanced stages of apple-scald, the writer became 
convinced from the firmness of the tissue and the way in which these 
diseases spread into the flesh of the fruit that there is a similarity between 
these two storage diseases. Histological examinations of affected 
tissues further emphasized the analogy which exists between these diseases. 
For the histological studies, sections of the apple torus were cut by means 
of a freezing microtome. ‘The sections were dropped directly from the 
razor into acidified absolute alcohol which fixed them and prevented any 
additional browning. They were then passed through xylol and mounted 
in Canada balsam without staining. The examination of a large number 
of cells brought out a very striking similarity between browning and scald 
in the progress of the discoloration in the tissues as well as in the individual 
cell. In the tissue there was no regularity in the spread of the disease from 
one cell to the other, since isolated cells showing browning were always 
found to be scattered among the normal cells near the regions of scald 
or browning. In the cells in which the progress of the browning could 
be followed it was found to be identical in the two diseases. The brown- 
ing started at the periphery of the cell and from there spread to all parts 
of the cell along the more concentrated strands or areas of cytoplasm. 
The discoloration was, as a rule, more intense in the region of the nucleus 
which is near the surface in the apple cells. Plasmolysis accompanies 
the advanced stages in browning, until, in the very severe stages, the 
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protoplast occupies only a small fraction of the cell. The cell wall 
remains unchanged. As a result of this apparent similarity between 
these diseases the writer carried out experiments upon the control of 
internal browning which had proved effective in reducing the amount of 
apple-scald. 


AIR MOVEMENT AS A PREVENTIVE OF INTERNAL BROWNING 


Two sublots of apples of the 1919 and 1920 seasons were stored in 
slat boxes, one box being wrapped in the ordinary manner while the 
other was stored without wrapping. These apples were then ventilated 
by a fan for 10 to 20 minutes twice each week. Inthe season of 1920-21, 
apples were also placed in sealed containers which were fitted with tubes 
for pulling air through with a filter pump. Thirty-three apples of the 
same lot were placed in each container, while a similar number in ordinary 
storage served as a control. The results of these experiments are given 
in Table VII. 


TaBLeE VII.—Effect of air movement upon the development of internal browning 


Condition of fruit at end of storage period. 

















Storage} 
Treatment. Season. |temper- 
re — Trace. | Slight. ne Severe. 
- - = _ ——-— _ _ \- | 
| | i 
} Per Per Per Per | Per 
oa. cent. cent. cent. | cent. | cent. 
‘ [ I9Ig-20 | 2.2 35 60 5 | ° | ° 
or o* | 
Apples in common storage. . ty en ; 75 35 5 rs 
Apples in slat box, cennent: de " " . 
tilated 10 to 20 minutes twice + . rd = 4 : ms 
each week.. ‘ 
Apples in slat box, ‘not wrapped, 
ventilated 10 to 20 minutes |}7979°?9 | 27-2 00 is be Pe rs 
twice each week.. a geil 75 25 a a ° 


Apples weweee but. not ‘venti- 
lated with filter pump * ..| 1920-21 | © ° 5 10 50 | 35 
— wrapped, air ‘drawn 
through pt owly with filter 
NEY tcd. Freda neat eleks 1920-21 | © 70 25 5 ° ° 
Apples not wrapped, air drawn 
through slowly with filter 
Meme FTI JIS Atak 1920-21 | © 70} 30 ° ° | ° 


























1 Apples sealed in cans with arrangement for slow renewal of air. 


The figures of Table VII indicate that where ventilation was employed 
there was a great decrease in the amount of fruit that exhibited the 
disease. The figures also show a very definite relation between the 
effectiveness of the ventilation and the severity of browning, for in every 
case the wrapped fruit showed more browning than did that which was 
not wrapped. This definite reduction by ventilation in the amount of 
browning would seem to indicate that the trouble is favored by the accu- 
mulation of deleterious substances which were removed by both the 
intermittent and the slow but continuous air movement. 
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GAS ABSORBENTS AS AGENCIES IN THE PREVENTION OF INTERNAL BROWNING 


Several sublots of the 1919 and 1920 crops of apples, picked October 
18, were stored at o°C. in oil wrappers which were known to be good 
absorbents of gases. For this purpose commercial 10 by 10 inch apple 
wrappers were saturated with the given wax or oil. The number of 
treatments included and the results of these tests are given in Table VIII. 


TABLE VIII.—Effect of gas absorbents upon the development of internal browning of 
apples stored at ° C. 





Condition of fruit at end of storage period. 


Treatment Season of 1919-20. Season of 1920-21. 

















| } | | 
Nor- | 34: | Moder- Nor- <4 Moder- | « 
oat | Trace. a. | pr | Severe. pt § Trace. Slight. | "ste. ra 
Per | Per | Per Per | Per Per Per | Per Per Per 
Cocoa-butter wrap- | cent. cent. | cent. | cent. cent. cent. cent. | cent. cent. | cent, 
MEER ties aveccees 30 | 45 | 20 | 5 | ° 5° 40 | 10 ° | ° 
Olive-oil wrapper .. . 40 | 60 | ° o | © 55 4s | ° ° | ° 
Wesson-oil wrapper . 50 | 50 | ° ° ree Sey De i605: + cae Kegasiwenaeh bh 
Mazola-oil wrapper. . 50 | 45 5 ° | @ Eis sgvvasnaeecate ae Po rrerre Teeees 
Vaseline wrapper.... 70 | 25 5 | o | ° 45 55 | ° ° | ° 
Lard-tallow wrapper |........ ESS ae i ee 15 7S | 10 ° | ° 
Paraffin wrapper....|........ ee hedives | Rtas ds 5 80 | 15 °} ° 
Control, common | | | | | 
cose Bid yas os « SeeP eee Fe eeede Za ls akon wis 5 8s | 10 ° | ° 
Control, no wrapper.|........ héaibi.« <i eis ocak icaas s Bas hae sie 5 65 | 20 10 | ° 
Average for oil | | | 
wrappers........ 48 46 | 6 | | ° | 34 57 | 7 °°} ° 
Average for the | | | | 
are ae 20 | 25 | 25 | 0 | 10 5 75 15 s | °. 
| | t | 














These data indicate that the amount of browning can be reduced by 
employing agents which absorb essential oils or emanating gases. Since 
all the tests as well as the controls were stored in identical boxes and 
under as nearly as possible the same conditions in the storage rooms, the 
beneficial effect of the oil wrappers must lie in their ability to prevent 
the accumulation of injurious substances. There was a reduction of 
about 30 per cent in the number of specimens showing browning in 
each case. 

At the time the fruit picked October 18, 1920, was stored, 10 portions 
of 33 specimens each of lot ‘‘A” were placed in sealed containers with 
various wrappers as listed in the table. This was thought to be a more 
accurate method of determining the effectiveness with which certain 
absorbents control the disease. It would seem logical to assume that 
there was always a considerable supply of esters or other deleterious 
material in the storage room; hence the wrappers in the open boxes 
should absorb these as readily, if not more so, than the substances from 
the individual specimens which were wrapped, thereby dissipating their 
ability to function as active absorbents. In the sealed containers, 
however, the esters to be absorbed were more nearly confined to those 
produced by the inclosed fruit, and this should materially lengthen the 
period during which the oils in the wrappers would act as absorbing 
agents. The results of these tests are given in Table IX. 
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TABLE [X.—Effect of gas absorbents upon the development of internal browning 





| Condition of fruit after 11 weeks at 0° C. 











Treatment.! | 
| an Trace. Slight. | beng Severe. 
| . | . 
| Per Per Per Per Per 
cent. cent. cent. cent. cent. 
Ordinary commercial wrappers.................... ° 5 ° 60 35 
Wrappers impregnated with cocoa butter......... | 6 35 ° | ° ° 
Wrappers dusted with animal charcoal............! 45 5° 5 | ° ° 
Wrappers dusted with silica powder.............. | © s 5 45 45 
Wrappers impregnated with olive oil.............. 55 45 ° ° ° 
Wrappers impregnated with paraffin.............. 25 65 10 ° ° 
Wrappers impregnated with lard-tallow mixture...| 30 60 10 ° ° 
Wrappers impregnated with vaseline. ............ 65 35 ° ° ° 
Commercial wrappers, with 225 cc. concentrated | 
potassium hydroxid in bottom of container...... 80 20 ° | ° ° 
Commercial wrappers, with 225 gr. soda lime in 
TOG OT COEMINOT oa 065s chen 0 80 GEE eo ow ° 5 5 50 40 























1 Apples sealed in cans with arrangement for slow renewal of air. 


The data in Table IX show a very striking relation between the pre- 
vention of the browning and gas absorbents. In these tests 95 per 
cent of the treated fruit was marketable, as compared to only 5 per 
cent of that of the controls. The figures also indicate a definite rela- 
tion between the capacity of the various absorbents for taking up esters 
and the prevention of the disease. Paraffin, which according to Gilde- 
meister and Hoffman (zz) has an absorbing power of approximately 
one-half that of the other substances, showed the least prevention of 
browning. The poor showing made by the tallow-lard mixture was 
possibly due to the fact that it became rancid before the experiment 
was little more than started. 

All the tests with gas absorbents, as well as those with air circulation, 
seem to indicate that internal browning is caused by the accumulation 
of certain materials in the nature of essential oils or other volatile sub- 
stances. 

A very perplexing question which then afises is that of the appear- 
ance of scald on the surface while internal browning develops in the flesh 
of the fruit. In an attempt to answer this question, the writer placed 
fruit under optimum conditions for the development of both diseases. 
That is, apples were placed in stagnant air at a temperature which 
favors the development of the disease. The results of these tests were 
very interesting. In every case it was found that the scald and brown- 
ing developed almost simultaneously. The scald rapidly developed 
into what is termed ‘deep scald,” while the browning diffused outward 
at a similar rate from the points of initial appearance about the vascular 
bundles. In many specimens where the diseases were retarded more on 
one side of the fruit than on the other, a very interesting comparison of 
their spread could be made. The generally observed appearance of 
scald on the surface without the internal browning and the reverse con- 
dition would then seem to indicate that these two regions of the fruit 
are most susceptible to the essential oils, or that these substances ac- 
cumulate more pronouncedly in these than in any other region of the 
apple. The disease seemingly appears first in that region which is most 
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susceptible. In the Yellow Newtown, apparently, the region of greatest 
susceptibility is in the flesh, while in those varieties that scald readily, 
it is at the surface. 

If internal browning and apple-scald are caused by the accumulation 
of essential oils, which can be removed by ventilation or by absorption, 
the question arises as to why the preventive action of ventilation and 
absorbents is less marked in the control of internal browning than in 
apple-scald. This difference in the effectiveness of the prevention is 
undoubtedly due to the fact that apple-scald is the result of the accumu- 
lation of deleterious substances on the surface of the fruit where the 
absorbent can be brought close to them. Internal browning, on the 
other hand, is caused by an accumulation of the deleterious substances 
deep in the tissues, from whence they can be removed only by the very 
slow process of reducing their concentration at the surface, thereby 
inducing them to diffuse outward. 


INCREASE IN PERMEABILITY PRIOR TO THE APPEARANCE OF INTERNAL BROWNING 


If internal browning is due to the action of some deleterious substance 
which tends to accumulate in the flesh of the apple under storage condi- 
tions, there should be some evidence of its action before the browning 
actually occurs. By this it is meant certain alterations will occur in 
the cells which will permit the browning to take place. Possibly the 
most important, as well as the most probable, change which could take 
place is that of altering the permeability. 

The changes in permeability were determined by measuring the resist- 
ance offered by the tissue to the passage of an electric current. Elec- 
trodes for this purpose were patterned after those used by Small (175). 
The electrodes were mounted so that they stood 2% mm. apart and in 
such a manner that they would be pressed % cm. into the tissue. 
The measurements were made by the Kohlrausch method. The fruit 
was cut as in making the observations upon the browning and the elec- 
trodes were then pressed into the various regions in which measurements 
were to be made. The readings were made by bringing the minimum 
point to the same position on the bridge each time. These readings, 
therefore, indicate only the relative resistance of the different regions in 
the fruits. (For the information of some readers it may not be amiss to 
state that a decrease in the resistance offered to the passage of an electric 
current is interpreted to mean an increase in the permeability of the cells.) 

Since it was impossible to obtain the above apparatus until late in the 
season, the results which are recorded in Table X give only one stage in 
the permeability changes that occur during the course of an entire 
storage season. All the measurements, with the exception of those 
given under tests No. 4, 5, and 11, were made in tissue which showed no 


browning. 
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TABLE X.—Permeability at the surface and in the region of browning 
{Expressed in ohms resistance] 
Majority of readings. Extremes of variation. 
_ Fruit tested. . iiniel ii peut? ay 2 hr ciew 
: n region o! n region | 
browning. At the surface. brownitig. | At the surface. 
ut. 
1 Apples of lots 6 and 9, stored at | 1,600 to 1,800. .| 1,600 to 1,800..| 1,500 to 2,000..| 1,500 to 2,000. 
8.3°C. | . 
2 | Same as (1), but stored at 5° C...| 2,300 to 2,500..| 2,600 to 2,800..| 2,000 to 2,600..| 2,300 to 2,800. 
3 | Same as (1), but stored at o° C. | 1,100 to 1,300..| 2,300 to 2,500..| 1,100 to 1,800..| 2,200 to 2,800. 
(These lots browned at o° C.) 
4 |Same as (3), but reading taken in | 900 to 1,200....| 2,300 to 2,400. .| 800 to 1,300....| 2,000 to 2,800. 
trace brown tissue. 
s |Same as (3), but reading made in | 600 to g00......| 2,200 to 2,400..| 500 to 1,100....| 1,900 to 2,600. 
severely brown tissue. 
6 | Fruit from black bags, very re- | 2,200 to 2,600..| 2,600 to 2,900..| 2,000 to 2,900. .| 2,300 to 2,900. 
sistant to browning at o° C. ’ 
>» | Apples from same tree as bagged 1,000 to 1,200. .| 2,300 to 2,500..| 1,000 to 1,600. .| 2,000 to 2,700. 
| fruit, very susceptible to 
| browning at o° C. 
8 | Virginia apples, very resistant to | 2,500 to 2,700..| 2,600 to 2,800..) 2,300 to 2,800..| 2,500 to 2,800. 
| _ browning at o° C. 
9 | Santa Cruz Mountain apples, , 2,200 to 2,500..| 2,500 to 2,800..| 1,700 to 2,500..| 2,300 to 2,800. 
very resistant to browning at 
a 
10 | Lots 3, 5, and 8, very susceptible | 1,000 to 1,500. .| 2,400'to 2,800..| 1,000 to 2,000 | 1,700 to 2,800. 
to browning at 0° C. | | 
11 | Same as (10), but readings made | 700 to goo......| 2,300 to 2,600..| 500 to 1,100....| 1,600 to 2,800. 








in moderately browned tissue. | | 





The figures of Table X show very definitely that there is a change in 
the permeability. At 8.3° C., where browning does not develop, there 
was an increase in permeability. These apples, however, were rapidly 
approaching storage breakdown, due to overripening at this relatively 
high temperature. The permeability had not increased in the apples 
stored at 5° where the ripening process was much slower and where 
the fruit remained free from browning. ‘This was also true of the fruit 
at o° which was resistant to the browning. In the fruit stored at 0° 
that which was susceptible to the browning, there was a greater increase 
in permeability in the interior of the specimens than occurred in the 
fruit stored at 8.3°. The fruit at o°, nevertheless, was not approach- 
ing storage breakdown but incipient browning. In the specimens 
showing browning the permeability continued to increase with the 
advance in the severity of the disease. Therefore these data seem to 
indicate that, just prior to and accompanying the end of the storage 
life of these apples, there is a very marked increase in permeability, 
regardless of whether deterioration is brought about by storage break- 
down or by internal browning. 


INCREASE IN PERMEABILITY DUE TO ESSENTIAL OILS 


If internal browning be due to the accumulation of essential oils or 
similar deleterious substances which change the permeability, these 
oils should also increase the permeability when applied to the surface 
of the cut fruit. In order to test this property of these substances, 
several essential oils in great dilution were applied to the fruit about 
the electrodes of the conductivity apparatus. After the initial resist- 


ance was taken a drop of the solution was applied around the electrodes. 
Then the reading of the resistance was made every 5 minutes for a period 
The results of these tests were recorded in Table XI. 


of 20 minutes. 
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TABLE XI.—Effect of essential oils upon the permeability of apple tissue 


[Expressed in ohms resistance] 


| 


Resistance at various intervals after 
the application of the essential oils. 




















The ini- 
Treatment. tial re- 
sistance.| After 5 | After 10/ After rs | After 20 
min- min- min- min- 
utes. utes. utes. utes 
Control, no treatment (current on continu- | 
yg NAAR ELSE AE LAP SS A ee ea 2,900 | 2, 800 | 2, 800 2,400 | 2,200 
One drop of o.1 per cent solution of amyl 
MNO. 05: se 3005 5500 «om pmsmaeceict herrwat cers 2, 800 | 1, 600 800 550 350 
One drop of saturated solution of amy] valer- 
tos iis she wou aeunee seth cect te rete 2,900 | 1,600 | 1, 000 800 | 600 
One drop of 1 per cent solution of acetalde- | 
ROME SUR RIASG b halehl. cide MOO: 180 o ER 2,900 | 1,600 | 1,000 750 | 500 
One drop of 0.001 per cent solution of amyl 
en Ee Pe Pe ert eee 2,900 | 2,000 | 1, 100 goo | 600 
One drop of 0.oor per cent solution of acetal- | 
oo iI EA ID DOA ER ie 2,700 | 2,100 | 1,200 goo 800 
Water about the electrodes. ..................| 2,800 2, 400 | 2, 200 2 100 | 2, 000 








The figures in Table XI show conclusively that essential oils increase 
the permeability when brought in contact with fruit tissues. These 
data indicate also that only a very small accumulation of essential oils 
might be sufficient to increase the permeability of apple cells, allowing 
the oxidase and substrates to come in contact, thus resulting in the 
browning. This is especially true when the greatest dilutions of the 
substances used in these tests are compared with the normal essential 
oil content of some apples as given by Power and Chesnut (14). 


GENERAL DISCUSSION 


In view of the relation of the browning with lower mean temperatures, 
it seems possible that the more severe browning of the mature fruit 
was due to exposure to the lower temperature which prevailed during 
the latter part of the harvesting season. ‘The fruit of the second picking 
was exposed to a mean temperature of about 2.5° C. below the mean 
temperature of the growing season for three weeks after the fruit of 
the first picking was harvested. The fruit picked November 22 was 
exposed for six to eight weeks to the influence of a mean daily temperature 
of 2.5° to 8° below that prevailing at the time and before the first 
picking was made. As a whole, these data point to the possibility that 
the low temperature favors those conditions within the fruit which are 
necessary for the development of browning. This weakness in the 
fruit, if it can be considered as such, may be due to an abnormal develop- 
ment of the protoplasmic structure of the apples or to an accumulation 
of some deleterious substance which brings about a more rapid cessation 
in the normal functioning of these structures in storage. This seems 
probable since there was no appreciable difference between the resistant 
fruit and the fruit very susceptible to browning in constituents such as 
sugars, acid, and the P, value of the expressed juice, which, it 
is generally believed, might influence a reaction of this sort through 
their effect upon the equilibria within the cells. 





182 Journal of Agricultural Research Vol. XXIV, No. a 





The accumulation of essential oils or similar deleterious substances 
also seems to be rather closely linked with the weakness in these apples 
that shows up in storage. This is indicated by the great reduction 
in the amount of browning that is brought about through the employ- 
ment of air circulation or the impregnation of the wrappers with good 
absorbents for these substances. It has been further demonstrated 
that the permeability of the cells, which is the most probable change 
that might precede this browning or similar reactions, is increased very 
rapidly by essential oils when applied even in great dilution to the apple 
tissue. It was also found that there was an increase in permeability 
prior to and accompanying the death of the cells in the apple regardless 
of whether death was due to the usual type of storage breakdown (which 
is the result of overripening) or to internal browning. 

The data obtained upon the relationship of temperature and the 
accumulation of essential oils or similar volatile substances to the brown- 
ing, although not conclusive, point to several possibilities concerning 
the cause of this disease. When these apples are grown at a mean tem- 
perature as low as that of the growing season of the Pajaro Valley, they 
may fail to develop normally, hence when they are placed in storage the 
flesh of the fruit exhibits a susceptibility to injury through the action of 
the volatile emanation of the apple. This is indicated by the behavior 
of the fruit from different regions as well as by that from under the tent 
and in the black bags. This lower temperature may not only affect the 
development of the fruit but also apparently influence the production 
or accumulation of the volatile substances which are immediately respon- 
sible for the browning. This becomes apparent when the great difference 
in the amount of browning which developed at the several storage tem- 
peratures is taken into account. Seemingly there is a greater produc- 
tion of these substances at the lower temperatures, or otherwise they 
must accumulate more rapidly in those regions of the torus that are first 
to show the browning. 

The reduction in the development of the browning by the use of gas 
absorbents also indicates that these volatile substances are present in 
injurious amounts at the lower temperatures under the ordinary condi- 
tions of storage. The more rapid accumulations of the deleterious 
substances may seem the more probable way of accounting for the injuri- 
ous amount of these substances when the decrease in their volatility 
and the decrease in the permeability of the tissue at the lower tempera- 
tures is considered. However it is likely that there is also a greater 
production of these substances under the somewhat abnormal conditions 
of the lower temperatures of storage. 

The nature of the process which results in the browning becomes of 
interest in connection with the preceding possibilities as to the cause of 
this trouble. Plausible explanations of this process could possibly be 
ascribed to an increase in the permeability of the protoplasm which 
permits the enzyms and their substrates to mix, or to the inactivation 
of some inhibiting substance. These changes might be brought about 
by the accumulation of certain substances such as the essential oils which 
are produced by the apple in storage and which apparently have a toxic 
effect upon the protoplasm of the cells. 

In the normal cells the enzyms are prevented from acting upon their 
substrates by inhibitors or through lack of contact due to the possibly 
impermeable nature of the phase surface of the protoplasm. When 
the phase arrangements in the protoplasm, however, are acted upen 
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by toxins, these substances are no longer prevented from coming into 
contact. Similarly, the toxins may act upon the inhibitors to inactivate 
them. As a result of this liberation, the tannins of the apple cells 
may be oxidized to a brown by the oxidase which is. also present in 
the mature fruit. It has been indicated by Bartholomew (3) that 
changes similar to these precede the blackening of the tissue in 
blackheart of potatoes. This explanation of coloration based upon a 
change in the permeability is also supported by the fact that before 
browning occurs there is a great increase in permeability of the cells as 
indicated by the conductivity measurements. 


SUMMARY 


(1) Internal browning is a nonparasitic disease of the large isodia- 
metric cells of the flesh of the fruit. 

(2) All Yellow Newtown apples, regardless of where grown, may in 
some years be susceptible to internal browning. This variety when 
grown under conditions prevailing in the Pajaro Valley has proved to be 
much more susceptible to this disease than when grown in other fruit 
regions. 

(3) The later the fruit was picked, the greater the amount of browning 
which occurred in storage. 

(4) No browning occurred even after four to six months storage in 
any of the fruit stored at 8.3°C. or above. 

(5) The browning at the end of six months’ storage at 5° C. was very 
limited and mild, and did not detract from the commercial value of the 
fruit. 

(6) At 2.2° C. approximately 70 per cent of the apples showed brown- 
ing by April 1, figures for each of the three seasons show. During the 
season 1920-21 which was average with regard to browning, only 50 
per cent of the fruit stored at this temperature was marketable on 
April 1, 1921. 

(7) At o° C. practically all the fruit showed browning before April 1, 
each season. Only 20 per cent of the fruit stored at this temperature was 
marketable on April 1, 1921. 

(8) A lowering by about 3° C. of the mean orchard temperature during 
the growing season, by tenting or shading a tree, greatly increased the 
susceptibility of the fruit to browning. After 414 months’ storage at 0° 
the fruit of the tented trees showed 25 per cent less of normal specimens 
than that of adjacent trees which were naturally exposed. 

(9) An increase of 4° C. in the mean orchard temperature, by bagging 
individual apples in black cloth during the growing months, markedly 
increased the resistance of the fruit to this disease. The bagged apples 
showed 66 per cent more of normal specimens after 414 months’ storage 
at o° than the naturally exposed fruit of the same trees. 

(10) The browning was greatly reduced by ventilating the fruit. 

(11) The browning was also reduced by impregnating the wrappers 
with oils and waxes which were good absorbents of essential oils. 

(12) By measuring the electrical resistance of the apple tissue, it was 
found that there was an increase in permeability prior to the end of the 
storage life of the apple, regardless of whether death was due to the usual 
storage breakdown or to internal browning. 

(13) It was demonstrated that essential oils when applied to the apple 
tissue even in great dilution rapidly increase its permeability. 
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(14) The data indicate that internal browning is due to the accumu- 
lation of essential oils or similar deleterious substances which are: pro- 
duced by the apples in storage. This shows that internal browning and 
apple-scald are quite closely related with respect to cause. 
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PLATE 1 


A.—A normal apple. 

B.—Average condition of trace browning. 
C.—Average condition of slight browning. 
D.—Average condition of moderate browning. 
E.—Average condition of severe browning. 
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Internal Browning of the Yellow Newtown Apple PLATE 1 
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ON THE USE OF CALCIUM CARBONATE IN NITROGEN 
FIXATION EXPERIMENTS! 


By P. L. GAINEY 


Associate Professor of Bacteriology, Kansas Agricultural Experiment Station 


In reviewing the literature on nitrogen fixation by soil bacteria one 
is impressed with the great variety of media that have been employed 
by different investigators. Many of these media, while generally satis- 
factory, have not proved entirely so when employed by other investi- 
gators with slightly different environmental conditions. 

It is not the purpose of this paper to enter into any discussion of the 
relative merits of different media, but rather to call attention to a fre- 
quent fundamental difference and its possible bearing upon the success 
attending their use. This difference is the presence or absence of calcium 
carbonate. 

Winogradsky (9)? in his original experiments on nitrogen fixation by 
anaerobic bacteria used a dilute solution of the various salts necessary to 
furnish the elements essential to growth. To this was added a simple 
sugar as a source of energy and an excess of calcium carbonate to neutral- 
ize the acids formed from the sugar. Winogradsky’s medium has been 
almost universally adopted for anaerobic nitrogen-fixing experiments. 

Beijerinck (2), studying the aerobic Azotobacter group of nitrogen- 
fixing bacteria, found that a 0.02 per cent solution of K, HPO, in “ Lei- 
tungswasser,’’ to which was added a source of energy, furnished the 
necessary conditions for good growth of these organisms. Either the 
water or the inoculum must have furnished the other essential elements 
in sufficient quantity. The reaction of this medium was unaltered, the 
statement being made that— 


Die Nahrlésung reagiert durch das K, HPO, schwach alkalisch 
and that— 
Die Alkalisch Reacktion ist fiir den versuch giinstig. 


Beijerinck preferred mannite or a salt of propionic acid as a source of 
energy because— 


Mannit kann nur schwierig und langsam, Propionate durchaus nicht der Butter- 
sduregérung anheimfallen. 


Beijerinck further states that— 
Die Produkte die Oxydation sind Kohlenséure und Wasser. 


However, he realized that in impure cultures from soil, organic acids 
might be formed. Beijerinck failed to secure appreciable fixation of 
nitrogen by pure cultures. 

Lipman (3) began a study of the Azotobacter group of nitrogen-fixing 
organisms shortly after Beijerinck. He demonstrated that Beijerinck’s 
failure to secure fixation in pure cultures was due to the unfavorable re- 
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action of his media. The media adopted by Lipman was composed of 
tap water 1,000 cc., mannite 15 gm., K, HPO, 0.5 gm., Mg.SO, 0.2 gm., 
a drop of 10 per cent solution of ferric chlorid, and enough sodium 
hydroxid to make the solution slightly alkaline to phenolphthalein. 
Lipman showed that within certain limits the quantity of nitrogen fixed 
was proportional to the quantity of sodium hydroxid added. He further 
demonstrated that the addition of CaCO,, even to the medium made 
alkaline to phenolphthalein with sodium hydroxid, rendered it more 
favorable for nitrogen fixation. With regard to the influence of cal- 
cium carbonate Lipman (4) says: 

It is clear therefore, that the presence of calcium carbonate stimulated growth either 
directly by furnishing calcium, or indirectly by making available more phosphorus, 
sulphur, and magnesium. 

However, Lipman apparently lost sight of the value of calcium car- 
bonate, for he did not recommend its use in his laboratory guide (5). 

Ashby (7), apparently following the lead of Lipman, proposed that 
the acidity arising from the phosphate be neutralized with sodium 
hydroxid and in addition an excess of calcium carbonate be added. The 
medium proposed by Ashby has been more widely used than any other. 
It has the following composition: Distilled water 1,000 cc., mannite 12 
or 20 gm., Mg.SO, 0.2 gm., KH, PO, 0.2 gm., NaCl 0.2 gm., CaSO, 0.1 
gm., and 0.5 gm. of CaCO, to each culture of 75 or too c.c. The phos- 
phate is dissolved separately in a little water and made neutral to phe- 
nolphthalein with sodium hydroxid. Ashby found that the presence of 
calcium carbonate favored nitrogen fixation and that Azotobacter would 
sometimes develop in the presence of calcium carbonate but would not 
form a film if the carbonate were left out. Ashby also found that mag- 
nesium carbonate was even more efficacious than calcium carbonate, 
thus showing that calcium was not the essential constituent. Other 
investigators have since shown that other basic compounds can be sub- 
stituted for calcium carbonate. 

In addition to the three types of media just mentioned Léhnis and his 
students have made rather extensive use of soil extract to which was 
added K,HPO, and mannite or some other simple organic source of 
energy. In comparing the fixation of nitrogen in a medium of this type 
with and without the addition of calcium carbonate Léhnis and Pillai 
(7) found, as a rule, slightly greater fixation where the carbonate was 
added. However, Léhnis failed to adopt the use of calcium carbonate 
generally in his work, or to recommend its use in his laboratory guide (6). 

It remained for Stoklasa (8) to produce the necessary evidence for a 
correct understanding of the function of calcium carbonate in nitrogen- 
fixation experiments by demonstrating quantitatively the formation of 
organic acids in cultures of Azotobacter. A survey of the accumulated 
literature on the subject will show, however, that many investigators 
failed to realize the significance of Stoklasa’s results. 

Practically all investigators agree that a neutral or alkaline reaction 
is desirable, if not essential, for the best development of nitrogen-fixing 
organisms. In most work some effort is made to adjust the medium to an 
alkaline reaction before inoculating, but in many cases no effort is made 
to maintain such a reaction. Even the influence of the inoculum upon 
the initial reaction has usually not been taken into consideration. 

So far as the writer is aware no one has ever reported a detrimental 
effect upon nitrogen fixation from the presence of calcium carbonate in 
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the medium, even when present in large excess. This is an important 
consideration, however, since if it has no toxic effect upon the organisms 
it may be added in excess of initial requirements and thereby tend to 
maintain a favorable reaction throughout the experiment. 

There are a number of isolated experiments such as those cited above 
showing the effect of calcium carbonate upon the growth of nitrogen- 
fixing organisms. In the course of some experiments, conducted by the 
writer, in which the relative growth of Azotobacter from a large number 
of different soils was compared there was an opportunity to observe the 
effects of CaCO, on nitrogen fixation. 


METHODS 


The medium employed had the following composition: Mannite 20 
gm., K, HPO, 0.2 gm., Mg SO, 0.2 gm., NaCl 0.5 gm., FeCL, trace, and 
water 1,000 cc. Two-hundredths gm. of CaCl, was sometimes added, 
although in most cases because of the high calcium content of local soils 
the CaCl, is not essential and was without effect. In those tests to which 
no CaCO, was added the medium was always rendered slightly alkaline 
to phenolphthalein with sodium hydroxid. When CaCO, was to be 
added the medium was sometimes first rendered slightly alkaline to 
phenolphthalein and at other times the reaction was unaltered prior to 
the addition of the CaCO,. Fifty cc. of the medium were placed in 300-cc. 
Erlenmeyer flasks, and the CaCO, was added in the form of sterile powder 
just prior to inoculation. No superiority is claimed for this medium 
over a score of others that might have been used. Obviously a medium 
with as variable composition as that containing tap water or soil extract 
would be unsuited for comparative work that must extend over a long 
period of time. 

Samples were always set up in duplicate and total’ nitrogen determina- 
tions made on the whole sample. Total nitrogen determinations were 
also made in duplicate upon the inoculum. The inoculum consisted of 
10 cc. of the supernatant suspension prepared by shaking one part of 
soil (50 to 100 gm.) with two parts of water and allowing to settle long 
enough for the larger particles to sink to the bottom. It is believed that 
such an inoculum is more representative of a mass of soil than 5 gm. of 
soil, and at the same time the quantity of solid material added is not 
sufficient to interfere in the least with total nitrogen determinations. 
Incubation was at room temperature for three weeks. In estimating 
the quantity of nitrogen fixed that present in the inoculum was deducted. 
Only the average of check determinations were recorded. 

Frequent examinations of the cultures were made, both macroscopically 
and microscopically to ascertain whether Azotobacter were present. If 
Azotobacter make an appreciable growth it can usually be recognized by 
the appearance of the film. A microscopic examination of an unstained 
mount from such a film will reveal an unmistakable picture. A film is 
sometimes encountered which at certain stages in its development resem- 
bles quite closely an Azotobacter film, which, under the mircoscope, is 
found to be composed almost entirely of filimentous fungi, no organisms 
typical of Azotobacter being observed. In other instances nontypical films 
examined under the microscope would be found to be composed largely 
of fruiting fungi, the spores of which often closely resembled individual 
cells of Azotobacter. 
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If these examinations failed to reveal organisms morphologically 
similar to Azotobacter they were regarded as absent. Owing to the 
above-mentioned complex conditions it is quite possible that Azotobacter 
were sometines reported present when in reality they were absent and 
vice versa. The end to be gained did not seem to justify the large amount 
of time that would be necessary to isolate and identify Azotobacter from 
the various soils. It is believed that if Azotobacter are not present in a 
soil in sufficient numbers and vigor to develop unmistakable evidence of 
their presence by the methods just described, for practical purposes 
they may as well be absent. 


RESULTS 
Several hundred samples of soil from Kansas and other States have 


been examined by the methods described above. The following is a 
comparison of the average quantity of nitrogen fixed by 200 soils. 


MUS ics LHS ES, adh ated 12. PUL ING. Eheds 5 22 5.87 mgm. 
POAC Bs {5 8 Kis ster htc aece eerie ew bis § we waise’e 7.10 mgm, 
ae sos ko Wdishis'sg tiny 4 ass WEA tol 8 SARS 4.60 mgm. 
PL MOUIDREE OR PMO ccnos ae con ce ne nkense cps ou cee 7.70 mgin. 
No Axotouatter Hits Tormey se ee 6b. ee 4.10 mgm, 


There were only two samples that failed to show some nitrogen fixation, 
and both of these were in media containing no CaCQ,. 

When calcium carbonate was added to the medium an Azotobacter 
film was formed from 117 samples, or 58 per cent of the soils. The average 
quantity of nitrogen fixed in these was 8.1 mgm. The average quantity 
of nitrogen fixed in the 83 samples having no Azotobacter film was 
5.7 mgm. 

When no calcium carbonate was added to the medium an Azotobacter 
film was formed from 75 samples, or 38 per cent. These had fixed on 
the average 7.1 mgm. of nitrogen. One hundred and twenty-four 
samples, or 62 per cent, produced no Azotobacter film, and the average 
nitrogen fixed for these was 3.1 mgm. 

Twenty-seven samples, or 14 per cent of all soils examined, fixed more 
nitrogen in the samples to which no CaCO, was added, while 173 samples, 
or 86 per cent, fixed larger quantities of nitrogen in those samples receiv- 
ing an addition of CaCO,. The microscope revealed Azotobacter in 
cultures from 130 samples, or 65 per cent of all. No Azotobacter were 
observed in cultures from 70 samples, or 35 per cent of all. Some nitrogen 
fixation took place in practically all samples inoculated regardless of the 
source of the soil. 

There were 12 samples containing Azotobacter or organisms resem- 
bling Azotobacter that failed to form an Azotobacter film. The average 
nitrogen fixed by these 12 soils where CaCO, was added was 6.2 mgm. 
The average in the absence of CaCO, was 3.1 mgm. This is 0.5 mgm. 
higher than the average fixed by those giving no film when CaCO, was 
added and exactly the same as those giving no film in the absence of 
CaCO,. It is highly probable, therefore, that some soils contain 
Azotobacter but are incapable of initiating the growth of an Azotabacter 
film in a mannite culture solution. 

Practically all soils that failed to produce Azotobacter films formed 
more or less heavy films of fungi in the medium containing CaCQ,. 
As a rule, no such films were formed in the medium containing no 
CaCO,. Whether or not these fungi are associated with the increased 
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nitrogen fixation under these conditions is not known. It is possible 
that the films of aerobic fungi were a factor in maintaining anaerobic 
conditions and thereby stimulated nitrogen fixation by anaerobic organ- 
isms. The fungi were usually slow to develop, indicating that their 
development depended upon some subsequent change, possibly the 
accumulation of nitrogen or of calcium salts of some organic acids. The 
number of samples that failed to develop fungi films were hardly sufficient 
to give a comparison of the quantity of nitrogen fixed in the presence 
and in the absence of a film. It is perhaps significant, however, that the 
average quantity of nitrogen fixed by the 7 samples which failed to grow 
films of fungi in the presence of CaCO, was only 2.6 mgm., compared with 
6.0 mgm. for the 76 samples producing a film. ‘This would indicate that 
the fungus growth is in some way associated with the fixation of nitrogen 
either as a factor or as a result. 

It is evident from the preceding data that practically all soils will 
bring about the fixation of appreciable quantities of nitrogen under the 
conditions of these experiments. A large percentage of the soils examined 
however, failed to initiate the growth of Azotobacter. There are, there- 
fore, other organisms which are capable of fixing appreciable quantities 
of nitrogen. Such organisms seem to be quite widely distributed in 
nature. 

CONCLUSIONS 


(1) The quantity of nitrogen fixed in the presence of Azotobacter is 
greater than when it fails to develop. 

(2) The number of soils capable of initiating the growth of Azotobacter 
under the experimental conditions here described is greater by 20 per 
cent if CaCO, is added to the medium than if it is omitted. 

(3) The quantity of nitrogen fixed in a medium containing CaCO, is, 
for practical purposes, always equal to and in most cases greater than 
when CaCO, is not present in the medium. 

(4) The presence of CaCO, exerts a greater beneficial effect upon 
those organisms, other than Azotobacter, that bring about the fixation 
of nitrogen than upon Azotobacter itself. 
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